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Energy conversion and storage has become key concerns at recent times 
because of the increasing demand for the application in portable electronic 
devices and electric vehicles. This has led to a global dominance of lithium-
ion battery in both electronic devices and electric vehicle industries over the 
past few decades owing to its mature science and technology. However, the 
availability of lithium resources which has driven speculations about its price, 
as well as safety issues, has prevented their widespread applications. These 
challenges in lithium-ion battery have been well-recognised, and a global 
search has begun to explore possible solutions for replacement. Sodium-ion 
battery has been regarded as a serious contender to replace lithium-ion battery 
because of the abundance of sodium, its low cost and the similar chemistries 
of both lithium and sodium insertion cathodes. This is only possible if the 
following criteria are met: high capacity and high voltage resulting in high 
energy density; high degree of safety involving low cost, earth-abundant 
materials and long cycle life. In the past few years, no cathodes have 
demonstrated such qualities, and thus, the aim of this thesis is to develop such 
material. 
 
Polyanion-based cathode materials are the main focus of this thesis as it 
involves the strong P-O and Si-O bonds, which greatly enhances structural 
diversity and stability, promoting a safer battery. These compounds are 
commonly characterised by a high operating potential and an excellent cycling 
performance. In particular, Na2FePO4F, which is low cost as it contains high 
abundance iron element, is chosen as the first compound to be investigated. 
This material synthesised using the high-energy ball mill assisted soft template 
method delivered a high discharge capacity of 116 mAh g−1 at 0.1 C, with an 
average voltage of 3.0 V. The enhanced electrode performance is compared 
with a sample prepared using only the soft template approach, which yielded 
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much higher antisite disorder concentration. Good capacity retention of 79% is 
observed after 200 cycles at 1 C for the ball milled sample. However, both the 
long-term cyclability and the rate performance still have a lot of rooms for 
improvement to obtain a higher energy density cathode material. 
 
As iron is the most common element on Earth, the sodium storage properties 
of the same compound are further improved. This is done by using a novel soft 
template-solvothermal method which is proposed as an excellent strategy to 
prepare nanosize material along with a conductive carbon coating on the 
particle, creating a Na2FePO4F/C nanocomposite. Different carbonising agents 
are investigated, and Na2FePO4F/C nanocomposite synthesised by glucose 
demonstrated reversible discharge capacity of 120 mAh g−1 at 0.1 C with 
impressive rate performance. Furthermore, high capacity retention of 86% is 
achieved after a remarkable 600 cycles at 1 C, a significant enhancement from 
the previous ball mill-soft template method. The enhanced electrode 
performance is explained in terms of high electronic conductivity, as well as 
low charge transfer resistance, resulting in a high sodium chemical diffusion 
coefficient. While this compound meets the requirement of being safe and low 
cost, there is further scope to increase the energy density of sodium-ion battery 
by adopting higher storage capacity cathode materials. 
 
Keeping that in mind, NaVPO4F is investigated. This compound prepared 
using a simple one-step soft template method, demonstrates a high reversible 
discharge capacity of 133 mAh g−1 at 0.1 C with an average voltage of 3.33 V, 
resulting in an energy density of ~450 Wh kg−1. This material demonstrates 
storage performance not reported previously. Briefly, high capacity retention 
of 83% is achieved after a remarkable 2,500 cycles, with an initial discharge 
capacity of 120 mAh g−1 at 1 C rate. At even higher rates of 10 C, the capacity 
retention is 81% after 10,000 cycles. Such durability is discussed in terms of 
electrode surface integrity during long-term cycling. A high sodium chemical 
diffusion coefficient, which is reported here for the first time, is responsible 
for such impressive electrode properties. Ex-situ XPS suggests that the 
insertion-extraction mechanism involves 1 mol of Na+, which accounts for the 
high discharge capacity achieved. 
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High energy density can be achieved if the redox reaction involves multiple 
electron transfer. Therefore, a silicate-based Na2MnSiO4 is investigated, which 
is theoretically capable of utilising all 2 moles of Na+, utilising the Mn2+ ⇋ 
Mn4+ redox activity, resulting in exceptionally high theoretical capacity of 278 
mAh g−1. Two-step synthesis of Na2MnSiO4 resulted in a pseudo-spherical 
morphology of 60-90 nm in size. This material delivered a reversible 
discharge capacity of 210 mAh g−1, highest amongst all polyanion-based 
cathode materials reported so far. It also registered excellent long-term cycling 
stability (90% capacity retention after 500 cycles at 1 C), along with 
impressive rate performance. An optimised amount of electrolyte additive VC 
is used, and it is seen that adding VC forms a meta-stable solid-electrolyte 
interface on Na2MnSiO4, resulting in obvious decrease in the cell impedance 
as a function of cycle number. Cell performance with no addition of VC is 





SIGNIFICANT FINDINGS OF THE THESIS 
 
 
The work described in this thesis contains a number of interesting results on 
cathode materials for sodium-ion battery. The following are the most 
significant findings: 
 
1. The study on an iron-based cathode material, Na2FePO4F provides an 
insight on how the concentration of antisite disorder affects 
electrochemical performance in a 2D layered compound. A low 
concentration of antisite disorder is assumed to be responsible for the 
better electrochemical properties observed. This better performance is 
correlated to a lower charge transfer resistance, which results in a 
higher sodium chemical diffusion coefficient. It is also understood that 
the relatively low antisite disorder concentration is due to the localised 
high temperature generated during the ball mill process along with post 
heat treatment at 550 °C which play an important role in the 
rearrangement of the cations in the crystal lattice, inhibiting formation 
of antisite disorder. 
2. Since Na2FePO4F meets the requirement of being a cheap and safe 
compound, its sodium storage performance is further improved using a 
solvothermal-assisted soft template method. This novel synthesis 
strategy enables formation of a conductive carbon coating which 
greatly promotes charge transfer at various interfaces, consistent with 
the calculated high room temperature electronic conductivity in the 
order of 10−3 S cm−1. Different carbonising agents are used, and it is 
proven that carbon source plays a key role in the “quality” of the 
carbon coating on Na2FePO4F, affecting long-term cyclability to a 
great extent. It is also found that annealing at 700 °C (instead of 
400 °C) is a more favourable temperature for introducing 
graphitisation of the carbon on Na2FePO4F. 
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3. In an attempt to solve the low energy density of sodium-ion battery 
using Na2FePO4F (~3.0 V), a high voltage (~3.33 V) cathode material 
is realised, utilising the vanadium redox couple, together with a high 
discharge capacity of 133 mAh g−1. The synthesised sample 
demonstrated impressive long-term cyclability, retaining more than 82% 
of initial discharge capacity after 2,500 cycles. At a very high current 
rate of 20 C, 77% capacity retention is achieved after a remarkable 
10,000 cycles. The sodium chemical diffusion coefficient of NaVPO4F 
is calculated using GITT. By employing a simple one-step synthesis 
method and cheap vanadium precursor, the production cost is reduced 
by at least 10 times. 
4. Oxide-based compounds are thought to be attractive cathode materials 
owing to its high discharge capacity. However, safety issues related to 
oxygen evolution, as seen in lithium-ion battery, has hindered its 
commercialisation. In search for a safer cathode material which 
exhibits high storage capacity, a silicate-based compound, Na2MnSiO4 
is investigated. At 0.1 C, this compound delivered a high discharge 
capacity of 210 mAh g−1, the highest reported amongst polyanion-
based cathode materials. Ex-situ XPS reveals the utilisation of 
Mn2+/Mn3+/Mn4+ redox couples, involving ~1.5 moles of sodium ion in 
the process. It is found that by adding 5 vol.% electrolyte additive, the 
electrochemical performance is greatly enhanced. It is also believed 
that the electrolyte additive forms a meta-stable passivation layer on 
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1.1. Preface to Chapter 1 
 
Sodium-ion battery is one of the most promising electrochemical energy 
storage technologies available, which has a huge potential for the future of 
energy storage systems. This chapter deals with the fundamental matters 
related to the working principle and performance metrics to describe sodium-
ion battery as a lead up to the main chapters of this thesis.  Finally, a general 




1.2. The Need for Energy Storage Systems 
 
As a result of increasing energy demand, which has led to damaging effects to 
the environment, and combined with drastic increase in the price of fossil fuels, 
cleaner and greener energy sources have become a growing global attention 
over the past decade. Renewable energy technologies such as solar, wind and 
hydro are becoming more popular in several industrialised countries. Although 
the presence is always felt, these renewable sources provide intermittent 
energy, as they are variable in time and diffuse in space. Therefore, there is an 
urgent call for development of efficient storage system, storing the generated 
electricity and delivering it when it is in demand. 
 
Presently the options for stationary energy system consist of pumped-storage 
hydro, compressed air storage, advanced flywheels and thermal sinks. 
However, these types of energy system suffer from low conversion rates and 
poor energy density. In this context, the electrochemical energy storage is 
thought to be highly attractive owing to the following advantages and 
benefits:1-3 
• High energy density and conversion efficiency 
• Long cycle and shelf life 
• Safe 
• Variable response time depending on application 
• Environmental friendly, produces no gaseous by-products 
• Low maintenance cost 
• No moving parts, thus mobile and portable 
 
The most common technology which works on electrochemical energy 
conversion, and exhibits most of the above characteristics is the rechargeable 
lithium-ion (Li-ion) battery. This successful and sophisticated energy storage 
technology has gone through decades of research and development, which has 
led to its commercialisation in 1991. Although Li-ion battery provides a 
potential solution to meet the challenges to realise a sustainable energy 
demand,4, 5 the concerns regarding lithium resources is mounting day by day. 
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Due to the recent speculation concerning the availability of lithium reserves, 
which will lead to the increase in the price of lithium by multiple folds in the 
long term especially for large-scale storage systems, it has become essential to 
investigate sodium-ion (Na-ion) battery as a promising replacement because of 
the abundance and wide distribution of sodium resources.6, 7 Since both these 
energy storage technologies share very similar intercalation chemistry,8 it 
would mean that the Na-ion battery is at least as promising as Li-ion battery as 
it exhibits the characteristics mentioned above. The following sections will 
outline in detail some basic knowledge and the working principle of a Na-ion 
battery in order to better understand the results discussed later in this thesis. 
 
 
1.3. Definition and Classification of a Battery 
 
A battery is a device that converts the chemical energy contained in its active 
materials directly into electric energy by means of an electrochemical 
oxidation-reduction (redox) reaction.9 Customarily, battery is a common term 
used, but the most fundamental electrochemical unit is referred to as a “cell”. 
A battery consists of one or more of these cells, and depending on the desired 
output voltage and the capacity, it is connected in series or parallel, or both. 
 
Typically, a battery can be identified as primary or secondary,9, 10 depending 
on its capability of being electrically recharged. Primary battery is not capable 
of being recharged because the chemical reaction is not reversible. Hence, this 
type of battery is discharged once, and discarded. The term “dry cell” is often 
adopted to describe primary battery, as the electrolyte used is contained by an 
absorbent,9 making it liquid-free, and hence, the term “dry”. Secondary battery, 
on the other hand, refers to a device when is discharged can be easily 
recharged electrically by virtue of electrochemical reactions. This is achieved 
by passing an external current in the reverse direction to its discharge 
current,11 this process is referred to as charging. The above batteries convert 
chemical energy from its active material and store it in the form of electrical 
energy, hence, being known as “storage devices”. 
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1.4. Components of a Battery 
 
Generally, a battery consists of four major components, namely the anode, the 
cathode, the electrolyte and a separator (Figure 1.1). The anode is a low 
potential electrode, where a chemical element or a compound undergoes an 
electrochemical reduction during charge and oxidation during discharge. On 
the other hand, the cathode is a high potential electrode, where the compound 




Figure 1.1 Major components of a Na-ion battery. 
The third component of a cell is the electrolyte, which serves as a medium that 
allows the shuttle of cations and anions towards the electrodes of opposite 
polarity. A good electrolyte is an ionic conductor but an electronic insulator.12 
Depending on the nature of the battery, the electrolyte may be an aqueous or a 
non-aqueous solution of salts, alkalis or acids. The final component is the 
separator, which physically separates both the cathode and the anode to avoid 
internal short-circuit. The separator is usually made of microporous materials, 









Flow of electrons 
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1.5. Working Principle of a Sodium-ion Battery 
 
Since a secondary rechargeable battery is able to convert its stored chemical 
energy into useful electrical energy, it functions as both an energy conversion, 
as well as an energy storage device. Therefore, in order to begin deeper 
investigations into the electrode development of this thesis, we first have to 
understand its working principle. 
 
 
Figure 1.2 Schematic diagram of the working principle of a Na-ion battery during (a) charge; 
and (b) discharge. 
Na-ion battery is also known as a rocking chair battery due to the two-way 
movement of Na+ between cathode and anode through the electrolyte during 
the charge and discharge processes (Figure 1.2). The working principle a Na-
ion battery is based on the reversible insertion-extraction reactions of Na+ in 
both electrodes in a non-aqueous liquid organic electrolyte. The electrolyte 
should have good ionic conductivity property and it must be stable within the 
specified voltage window during the battery operation.13 In practice, a porous 
electrically insulating material is often placed between the anode and cathode 
















When a Na-ion battery is charged, the cathode is oxidised and the anode is 
reduced. During this process, a current (electrons) supplied by an external 
power source causes Na+ to be extracted from the cathode and inserted into the 
anode across the electrolyte (Figure 1.2a).14 During the discharge operation, 
the reverse occurs: Na+ shuttle back from the anode to the cathode, while 
electrons also travel from the anode to the cathode across the external circuit, 
for the sake of charge compensation, producing useful form of work in the 
process (Figure 1.2b). 
 
 
1.6. Performance Metrics and their Definitions 
 
A number of performance metrics are generally used to describe the properties 
of a battery or its active materials. These terminologies will also be frequently 
used throughout the thesis, and will be discussed briefly here. 
 
1.6.1. Current Rate 
 
The current rate, or commonly known as C-rate, is a measure that governs at 
what current a battery is completely charged and discharged within a fixed 
interval. For example, at a current rate of 1 C, an ideal battery completely 
charges or discharges in 60 min, and at 2 C, the battery will be completely 
charged or discharged in 30 min. Therefore, when the C-rate is doubled, the 
time taken to charge and discharge will be halved (the battery operates faster) 
and vice versa. The capacity of a rechargeable battery is commonly rated at 1 
C, meaning that a 1,000 mAh battery should provide a current of 1,000 mA for 
one hour and would require 1000 mA to be fully charged in one hour. 
Consequently, the same battery would deliver a current of 2000 mA of current 
in 30 min. It should be noted that the time taken to fully charge or discharge a 
battery is irrespective of the capacity of the battery. The definition of capacity 




1.6.2. Specific Capacity 
 
Specific capacity of a battery is defined as the amount of charge stored in a 
battery per unit mass when the battery is discharged at a particular current rate. 
Specific capacity carries a unit of mAh g−1 or Ah kg−1. The specific capacity 
also represents the ability of an electrode (anode or cathode) to store Na+. The 
theoretical specific capacity of a battery can be calculated by the following 
equation:15 
 




=  (1.1) 
 
where, 
n = electron-transfer number 
F = Faraday’s constant (96,485 C mol−1) 
Mw = molecular weight of the electrode material (g mol−1) 
 
A small molecular weight and a large electron-transfer number will result in a 
higher theoretical specific capacity. Based on the basis of one-electron transfer, 
NaFePO4 exhibits higher theoretical specific capacity (154 mAh g−1) than 
Na2FeP2O7 (97 mAh g−1) because of the smaller molecular weight; and 
Na3V2(PO4)2F3 has a theoretical specific capacity of 128 mAh g−1 because of a 
two-electron transfer. Also, the resultant battery will be lighter if the electrode 
used has a higher ability to store Na+. For example, a cathode with a specific 
capacity of 50 mAh g−1 will require double the mass of a 100 mAh g−1 to 
deliver the same amount of capacity. 
 
1.6.3. Voltage of a Battery 
 
The voltage of a battery is the potential difference between the operating 










E = voltage of the battery (V) 
Ecathode = operating voltage of the cathode (V) 
Eanode = operating voltage of the anode (V) 
ΔG = Gibbs’ free energy difference (kJ mol−1) 
n = electron-transfer number 
F = Faraday’s constant (96,485 sA mol−1) 
 
The voltage of the cathode is an intrinsic property, which is determined by the 
energy position of the redox couples of the transition metal.1-3 However, the 
cathode potential can be increased by insertion of fluorine into the compound 
owing to the strong inductive effect of fluorine atom. For example, 
Na3V2(PO4)2F3 demonstrates a higher average voltage (3.80 V) than 
Na3V2(PO4)3  (3.35 V) when the fluorine atom is introduced.17 
 
1.6.4. Specific Energy Density 
 
Specific energy density, or energy density for simplicity, reflects the amount 
of energy stored in a battery per unit mass, and has a unit of Wh kg−1. The 
specific energy density of a battery is governed by the following equation:16 
 
 Specific energy density = voltage × specific capacity (1.3) 
 
At a given specific capacity, the energy density of a battery is a function of 
voltage. The voltage of a battery is obtained from the difference in the redox 
potentials of both the cathode and anode. As the cathode operates at a higher 
potential than the anode, a high-voltage cathode with a low-voltage anode will 
result in a high voltage battery, giving a high energy density battery. 
 
1.6.5. Coulombic Efficiency 
 
The ratio (expressed as percentage) of the discharge capacity to the charge 






capacity dischargeefficiency Coulombic =  (1.4) 
 
The coulombic efficiency is a measure of how much usable energy is available 
during discharge compared with the energy used to charge the battery. Losses 
in the battery (possibly due to irreversible capacity loss caused by side 
reactions, etc.) during the charge and discharge process mean that Na+ which 
are obtained during charge will not be reversibly available during discharge. 
 
1.6.6. Rate Performance 
 
A battery is said to be undergoing a rate performance test when it is 
galvanostatically cycled at different current rates for a certain number of 
cycles. The current rate will be increased in sequence to evaluate how much 
capacity the battery is able to deliver at respective rate. It is also a test to 




1.7. Thesis Structure 
 
The introduction chapter, Chapter 1, presents the background to the topic of 
the thesis, which starts off with a discussion on the need for an energy storage 
system to tackle the intermittency of some renewable energy sources. Energy 
storage system in the form of battery is highlighted, and thus, a general 
description on the components of a battery, as well as how this device 
functions is presented. Some common terminologies used to describe the 
performance of a battery, which will be extensively used in the thesis, is 
defined, so that readers without prior knowledge in the field will be able to 
appreciate the results brought forward in the later chapters. 
 
Before providing the current research trend on Na-ion battery, Chapter 2 
starts off by revising a brief history of sodium-based battery, and also 
highlighting both advantages and disadvantages of Na-ion battery. This is then 
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accompanied by a concise review of the current literature available for anode 
and cathode materials. To provide better comprehension of the subject, both 
the anode and cathode sections are subdivided into several parts, each 
discussing on the different categories of these materials. Finally, the research 
motivation of this thesis is outlined. 
 
Chapter 3 provides an outline on the material characterisation techniques 
employed to analyse the synthesised samples. These techniques include PXRD, 
TGA, BET, FESEM and XPS, just to name a few. In addition, this chapter 
also presents the different types of electrochemical characterisation method 
utilised to investigate the samples’ electrochemical performance. There will 
also be a concise step-by-step summary on the electrode material preparation, 
as well as coin cell fabrication. 
 
Chapter 4 features the results obtained on the study of the iron-based 
fluorophosphate cathode material, Na2FePO4F. The rationale behind the 
preference of this compound as a potential cathode material is credited to its 
earth-abundant, low cost and safe features. This study provides an insight to 
how the concentration of antisite disorder affects electrochemical performance 
in a 2D layered structure, as well as other factors, including diffusion 
coefficient of the said compound. However, high-rate performance and long-
term cycling stability can still be further enhanced, which will be highligted in 
the next chapter. 
 
Chapter 5 presents improvements achieved in electrochemical performance of 
the same compound, Na2FePO4F, which is synthesised by a novel 
solvothermal-assisted soft template method. A comparative study is conducted 
to investigate the different electrochemical properties obtained from different 
carbonising agents. The enhanced storage performance is elucidated in terms 
of electronic conductivity and sodium chemical diffusion coefficient. 
 
Chapter 6 presents NaVPO4F, a material which not only has a high capacity 
owing to the utilisation of all Na+ in the formula unit; it features a high 
operating voltage, due to presence of the vanadium redox couple. This chapter 
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will discuss the enhanced sodium storage performance and long-term cycling 
stability with unique properties not previously reported. In addition, the first 
report on the Sodium chemical diffusion coefficient of this compound is 
reported using GITT. The difference in electrochemical performance and 
production cost of two samples, synthesised using two different vanadium 
precursors is systematically compared. 
 
In Chapter 7, a silicate-based Na2MnSiO4 is introduced, which involves the 
high abundance and cheap Mn and Si elements. Rate performance shows that 
Na2MnSiO4 is able to deliver a high reversible discharge capacity even at 5 
and 10 C, in addition to its excellent long-term cycling performance. Ex-situ 
XPS is conducted to study the activity of the Mn redox couple. The effect of 
an electrolyte additive in improving electrochemical performance of 
Na2MnSiO4 is also presented. 
 
Chapter 8 draws a conclusion from the research work done in this thesis, and 
also suggests possible opportunities for future work. 
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2.1. Preface to Chapter 2 
 
In this chapter, a comprehensive review on the work related to both anode and 
cathode materials are performed. For easy understanding to the readers, this 
review is divided into several subsections according to the types of compound 
for both the anode and cathode. This is then followed by the identification of 
the research objectives, acting as the motivation for this study and provides 
opening remarks to the next chapter.  
 15 
 
2.2. Sodium-based Battery – A Brief History 
 
The interest in solid-state ionics and sodium metal-based electrochemistry 
grow to tremendous heights when a report on a high-temperature solid-state 
Na+ conductor, the sodium β"-alumina (NaAl11O17) is reported about half a 
century ago.18 This material since then became the fundamental components – 
electrolyte and/or separator – for the development of already commercialised 
sodium-sulphur (Na/S) and ZEBRA (Zero-Emission Battery Research 
Activities, Na/NiCl2) batteries. 
 
These devices operate at elevated temperature of 300-350 °C to maintain the 
sodium metal and the positive electrode in the molten liquid state. These types 
of cell offer high operating voltages, good tolerance against overcharging, 
easiness of assembly in the discharged state, poor power density but useful 
energy densities at the expense of complicated implementation.19 Because of 
the sophisticated manufacturing involved to ensure better safety and reliability 
of these technologies during high temperature operations, the capital costs 
have escalated to about $500-600/kWh, well above the target of $250/kWh.19 
 
Up-to-date research on this kind of sodium batteries involves lowering 
operating temperature to at least below 170 °C.20 Getting this aim comprises 
the design of new electrolytes that present good Na+ conducting properties at 
lower temperatures. The development of fast Na+ conductors has attracted 
huge attention in recent years to drive this field forward. This has led to the 
prospect of sodium-based batteries which has a much lower operating 
temperature (either room temperature, in the case of Na-ion batteries, or just 
above the melting point of sodium, in the case of ZEBRA batteries).21 
 
 
2.3. Advantages and Disadvantages of Sodium-ion Battery 
 
Thanks to the excellent electrochemical performance of Li-ion battery, this 
technology has been successfully implemented into most of the portable 
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electronics devices.22 However, as previously discussed, lithium reserves are 
on a steep decline, with predictions that supply will not be able to meet huge 
demands in future for large-scale applications. Accordingly, new technologies, 
namely sodium, magnesium, metal-air, metal-sulphur and metal-organic 
batteries have become serious contenders to substitute Li-ion battery. Notably, 
Na-ion battery has achieved increasing attention, owing to the natural 
abundance of sodium reserves.23-25 
 
Since sodium and lithium are located in the same group of the Periodic Table, 
they share very similar chemical properties. The fundamental principles of Na-
ion battery and Li-ion battery are identical,8 including diffusion mechanisms 
(intercalation, alloying or conversion), synthesis strategies, as well as 
characterisation techniques for electrode materials. These concepts for Li-ion 
battery could be directly applied to develop electrode materials for Na-ion 
battery. 
Table 2.1 Lithium vs. sodium characteristics.24, 26 
Characteristics Lithium Sodium 
Atomic weight 6.9 g mol−1 23 g mol−1 
Cost (carbonates) $5.60-6.00/kg $0.09-0.50/kg 
Specific capacity (metal) 3,829 mAh/g 1,165 mAh/g 
Voltage vs. standard hydrogen potential −3.0 V −2.7 V 
Cationic radius 0.76 Å 1.06 Å 
Melting point 180.5 °C 97.7 °C 
 
The use of sodium instead of lithium could mitigate the feasible shortage of 
lithium in an economic way, when a large amount of alkali metal is in demand 
for large-scale applications, due to the unlimited sodium sources, the ease to 
recover it, and its lower price (Table 2.1). Important battery performance 
characteristics such as specific capacity and operation voltage are mainly 
determined by the electrochemical properties of the electrode materials. 
Consequently, Na-ion battery has its own issues and disadvantages. Firstly, 
sodium has a higher atomic weight than lithium, which indirectly decreases its 
specific capacity. Secondly, there are two major factors which determines 
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energy density of the active material: the first being the redox potential, and 
the other is the size of the cation.8, 24 In these two accounts, Na-ion battery is 
inferior compared to Li-ion battery. 
 
In spite of these possible disadvantages of Na-ion battery, the different 
interactions between Na+ and the host compound can influence the kinetics 
and thermodynamic properties of Na-ion battery,6 and this may provide a 
pathway for a breakthrough technology to surpass advantages of Li-ion 
battery.25 But most significantly, the relatively unexplored opportunity in Na-
based technologies coupled with early evidence which indicates that structures 
that do not function well for lithium intercalation may work well for sodium 
intercalation,27 provide hope to find novel materials for Na-ion battery. 
 
 
2.4. Anode Materials for Sodium-ion Battery 
 
Research and development on anode materials for Na-ion battery is focused on 
the four main categories, namely (i) carbon-based materials, (ii) titanium-
based compounds, (iii) sodium alloys, and (iv) phosphorous-based compounds. 
The following discussion on the research trend of anode materials for Na-ion 
battery will be highlighted based on these groups of compound mentioned 
above. 
 
2.4.1. Carbon-based Materials 
 
Graphite is a well-established and stable material employed as an anode for 
Li-ion battery in comparison with other carbon-based materials, and the 
commercialisation of Li-ion battery by Sony in 1991 uses graphite as its 
negative electrode.12 Graphite is able to deliver a reversible capacity of 360 
mAh g−1, just shy of its theoretical capacity of 372 mAh g−1.[12] Based on the 
exceptional electrochemical performance of graphite as an anode for Li-ion 
battery, the same performance is not observed in Na-ion battery, as 
electrochemical sodium insertion into graphite is proven to be unfavourable.28 
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Theoretical calculation predicts that this behaviour is observed because of the 
extremely weak attractive interaction between the intercalated sodium species 
and the carbon layers.29 As a result, no strong driving force is present to 
encourage Na+ to intercalate into the graphitic layers. Rather Na+ deposits 
itself as metal on the electrode surface, as shown by an experimental 
investigation.28 
 
Hard carbon is a potential substitute to the inactive graphite as anode for Na-
ion battery. Stevens and Dahn28 and Tirado et al.30 showed that hard carbon 
has a theoretical capacity of 300 mAh g−1, close to that of graphite in Li-ion 
battery. Doeff et al.31 demonstrated the reversible insertion-extraction of Na+ 
into disordered carbons as an anode in Na-ion battery using solid polymer 
electrolytes or organic liquid electrolytes. Most of the Na+ are 
electrochemically inserted into the nanoporous voids of hard carbon, which is 
built by disordered graphene stacking. The cycling profile of hard carbon 
typically divided into two regimes, a sloping and a low-potential plateau.28 
Ponrouch et al.32 have recently shown that hard carbon prepared from the 
pyrolysis of sugar, achieved a reversible capacity as high as 300 mAh g−1 at 
0.1 C. It is also found that additive-free EC:PC electrolyte seems to form a 
more conducting SEI layer than that produced in the presence of 2% 
fluoroethylene carbonate (FEC). Komaba et al.33 developed a full-cell which 
comprises of a hard carbon anode and a NaNi0.5Mn0.5O2 cathode which 
exhibits a high capacity more than 200 mAh g−1 with an average operating 
voltage of 3.0 V, and minimal capacity fading up to 100 cycles. Structural 
changes and SEI layer formation of hard carbon are investigated thoroughly, 
and the study concluded that combination of solvents and electrolyte salts with 
sufficient purity is important to achieve the highly stable cycling of hard 
carbon. 
 
2.4.2. Titanium-based Compounds 
 
This category of material includes a wide range of titanium-based compounds 
ranging from sodium titanates, to titanium oxides, as well as polyanion-based 
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sodium titanium phosphate. Generally titanium-based compounds have a 
sodium insertion voltage larger than that of carbon, thus, sodium plating can 
be avoided. This is proven by sodium titanate, Na2Ti3O7, where 2 moles of 
Na+ are reversibly inserted into the host structure at a voltage as low as 0.3 V 
vs. Na/Na+.[34] Since then, a number of sodium titanate anodes have been 
reported as potential anode for Na-ion battery. By using first principle 
calculation, it is predicted that as many as 3.5 moles of Na+ per formula unit 
can be reversibly inserted into the Na2Ti3O7.[35] But to-date, no more than 2 
moles of Na+ have been inserted in this compound. In the same report,35 
Na2Ti3O7 nanotube synthesised hydrothermally is shown to deliver capacity as 
high as 108 mAh g−1 for 100 cycles at a current density of 350 mA g−1. 
Detailed analysis confirmed that Na+ do not only intercalate into the Na2Ti3O7 
lattice, but could also be stored in the intracavity of the nanotubes, which 
explains the high capacity achieved. Wang et al.36 reported that the synthesis 
of Na2Ti3O7 single-crystal rods through calcination of precursors at 850 °C 
and mixing with multi-walled carbon nanotubes as conductive additive 
delivers a reversible capacity of 180 mAh g−1 at 0.1 C. The synthesised single-
crystal is defect-free with a stable structure, and the lattice fringes of the 
cycled sample are still clearly visible. A solid-state synthesis of Na2Ti3O7 is 
reported by Rudola et al.37 demonstrated sodium storage capacity of 177 mAh 
g−1 at 0.1 C, decreasing to 75 mAh g−1 at 5 C. In this study, lowering the cut-
off voltage from 0.1 V to 0.01 V resulted in the emergence of a new charge 
plateau, with no apparent change in the discharge behaviour. The GITT-
calculated sodium diffusion coefficient is in the order 10−12 cm2 s−1. 
 
Micron-size anatase titanium dioxide, TiO2 is shown to store 0.5 moles of Li+ 
per formula unit, but it is not favourable for storing Na+, based on a theoretical 
study using quantum chemical theory.38 However, in the nanosize range, TiO2 
is proven to be electrochemically active for sodium storage,39 delivering 100 
and 86 mAh g−1 at 5.5 and 11 C, respectively. It is believed that a short 
migration pathway in the nanosize TiO2 is responsible for the electrochemical 
activity of this compound. Xiong et al.40 tested TiO2 nanotubes as anodes, 
with an inner diameter larger than 80 nm and wall thickness above 15 nm. 
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This material offered a high capacity upon cycling at 0.33 C, ranging from 60 
mAh g−1 in the first cycle to 140 mAh g−1 after 50 cycles. 
 
Na3Ti2(PO4)3 with a NASICON structure is also considered as an attractive 
anode material for Na-ion battery, utilising Ti3+/Ti2+ as active redox couple. In 
2013, Senguttuvan et al.41 performed first principle calculation to gain further 
insight into the electrochemistry of Ti3+/Ti2+ redox couples in NASICON 
titanium-based compounds. Even though a low capacity of 60 mAh g−1 is 
achieved in a half-cell, it is proven that a full-cell utilising Na3Ti2(PO4)3 as 
both cathode and anode is possible to deliver an average potential of 1.7 V. 
 
2.4.3. Sodium Alloys 
 
Sodium alloys, which consist of elements from Group 14 and 15 of the 
Periodic Table, are renowned for providing the highest capacity amongst all 
anode materials. The Li-Si binary alloys have an extremely large theoretical 
capacity of 3,572 mAh g−1, which is more than 10 times that of graphite anode 
for Li-ion battery. Unlike the Li-Si binary alloys, the sodium analogue Na-Si 
system can only hold a maximum sodium concentration of 50 at.%.42 Besides 
that, the theoretical redox potential of the Na-Si system is found to be <0.1 V 
vs. Na/Na+, which is much lower than the Li-Si binary system (0.3 V vs. 
Li/Li+). Such a low potential poses issues during electrochemical insertion of 
Na+ into Si, as it will be kinetically inhibited by large polarisation. 
Consequently, no report has demonstrated the electrochemical insertion-
extraction of Na+ in Si-based materials. Nonetheless, theoretical investigation 
on other kinds of sodium-based binary alloys as anode material is first 
performed by Chevrier et al.,42 and since then, several studies have been 
reported. DFT calculations conducted by Chevrier et al.42 on the 
electrochemical sodiation of Sn proceeds to form Na15Sn4 via several 
intermediate phases. The first experimental study on the Na-Sn alloy system is 
reported by Komaba et al.43 achieving a reversible capacity of 500 mAh g−1 
for more than 20 cycles at 0.1 C. They have also demonstrated that Si, Ge, and 
Pb electrodes show less or no specific capacity in sodium cells. The 
impressive long cycle life of Sn-based electrode is explained by Wang et al.44 
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citing that the absence of particle cracking or fracture is responsible for such 
good cyclability despite a huge volumetric expansion of about 420%. 
 
The Na-Sb binary system is thought to be an attractive alloy material for Na-
ion battery. In 2012, Darwiche et al.45 demonstrated that Sb electrode displays 
promising electrochemical performance with a high reversible capacity of 
about 600 mAh g−1 and excellent capacity retention up to 160 cycles. 
Surprisingly, the reaction mechanism with sodium does not follow the 
alloying mechanism for lithium, with intermediate phase being amorphous. 
When Sb/C composite is prepared simply by mechanically milling Super P 
carbon with commercially available Sb powder, an uptake of up to 3 moles of 
Na+ is possible, giving a reversible capacity of 610 mAh g−1.[46] This study 
also showed that an addition of 5% electrolyte additive FEC greatly enhances 
cycling stability, owing to the low SEI resistance during cycling. 
 
2.4.4. Phosphorous-based Compounds 
 
Phosphorus is a chemical element of Group 15 of the Periodic Table. As an 
element, phosphorus exists in three major forms, namely, white, red and black 
phosphorus. Red phosphorus is a relatively stable allotrope of phosphorus, and 
has been tested as an anode for Na-ion battery.47 The reduction of amorphous 
red phosphorus in a sodium cell involves 3 moles of Na+ in the process, 
forming Na3P. The molar volume of sodium in Na3P is significantly smaller in 
comparison to other sodium-metal alloy, owing to the covalently bonded Na-P. 
Red phosphorus/carbon composite is also very well-studied as an anode for 
Na-ion battery.48, 49 Amorphous red phosphorus/carbon composite is obtained 
through a ball mill process. The composite shows excellent electrochemical 
performance including a high specific capacity of 1,890 mAh g−1, negligible 
capacity fading over 30 cycles and a low redox potential of 0.4 V vs. 
Na/Na+.[48] Commercially obtained red phosphorus/carbon composite is 
synthesised using a quick-freezing process with graphene scroll. This 
composite, with a phosphorus content of 52.2 % offered a high capacity of 
2,355 mAh g−1 in the second cycle at a current density of 250 mA g−1. Such 
high capacity is achievable because the graphene scrolls not only provide an 
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interconnected conductive network, but also buffer the large volume change 
and maintain the integrity of the electrode.49 Qian et al.50 obtained red 
phosphorus/carbon composite by ball milling with conductive carbon powders, 
achieved high reversible capacity of 1,764 mA h g−1, and with the use of 
electrolyte additive FEC, capacity remains at a high 1,100 mA h g−1 after 100 
cycles. 
 
Comparing to red and white phosphorus, black phosphorus is least reactive, 
and has a higher electrical conductivity.51 Black phosphorus is typically 
prepared from high pressure (>4.5 GPa) and high temperature (900 °C) 
reaction of red phosphorus. However, reported literature on the 
electrochemical properties of black phosphorus is relatively limited compared 
to its red amorphous counterpart. Nevertheless, Dahbi et al.52 demonstrated 
that a black phosphorus electrode with the sodium polyacrylate (PANa) binder 
shows high specific capacity and excellent cycling performance. A charge and 
discharge capacity of 2,050 and 1,620 mAh g−1, respectively is obtained at rate 
of 125 mAh g−1. Coulombic efficiency increased to 97% after the second cycle. 
 
 
2.5. Cathode Materials for Sodium-ion Battery 
 
A great range of cathode materials are being investigated, each exhibits its 
own advantage and disadvantage as electrode for Na-ion energy storage 
systems. In this section, the recent development in cathode materials for Na-
ion battery is reviewed, starting from oxides, to phosphate-based and mixed-
polyanion compounds. 
 
2.5.1. Oxide-based Compounds 
 
Layered lithium metal oxide (LiMO2) compounds have been extensively 
investigated as cathode intercalation materials for Li-ion battery. Driven by 
the success of these compounds, and their high operating potential and energy 
density, the analogous sodium metal oxides (NaxMO2) have been identified as 
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promising cathode materials for Na-ion battery, with early contributions from 
Delmas et al.53-55 
 
In terms of crystal structure, NaxMO2 is different from its lithium counterpart, 
where NaxMO2 form well-structured layered compounds resulting in very 
minimal structural changes upon electrochemical cycling. Hence, NaxMO2 
will not suffer from severe irreversible capacity loss induced by structural 
changes.56 Similar to their lithium analogue, the layered NaxMO2 is 
categorised based on the oxygen stacking order, each having different 
electrochemical performance.20 According to the structural classification 
proposed by Delmas et al.,57 a P2-type has a sodium occupancy in the trigonal 
prismatic sites of ABBA oxygen stacking sequence. Another phase is the O3-
type, where sodium occupies the octahedral sites with ABC oxygen stacking.57  
 
To date, a wide range of sodium transition metal oxides have been studied, 
each exhibiting different electrochemical properties. Of these, sodium-cobalt, 
sodium-nickel, sodium-manganese and the mixed metal oxide are the most 
viable positive electrodes. O3-type NaNiO2 is first reported in 1982 showing a 
complicated phase transition during sodium extraction.58 Since Ni2+ is larger 
in size as compared to Na+, antisite disorder does not form in NaNiO2, thus 
good electrode performance is obtained. Vassilaras et al.59 investigated the 
electrochemical properties of monoclinic O3-type NaNiO2, prepared by the 
solid-state route. They have shown that a reversible sodium extraction and 
insertion of 120 mAh g−1 are achieved when the cells are cycled between 1.25-
3.75 V with minimal capacity fading. When they increased the voltage 
window to 4.5 V, a higher charge and discharge capacity is attained, but at the 
expense of stability, leading to poor coulombic efficiency and rapid capacity 
fade. This phenomenon is believed to be attributed to the formation of an 
inactive phase upon charging. 
 
Komaba et al.60 compared NaCrO2 with LiCrO2 and found that the lithium-
based compound is electrochemically inactive, delivering only 10 mAh g−1. 
The Na-based NaCrO2 on the other hand, reversibly delivered about 120 mAh 
g−1. The inactivity in LiCrO2 is explained by the irreversible migration of 
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Cr(VI) induced by lithium extraction. However, such migration is not possible 
for NaCrO2 as it will generate lattice mismatch. Ding et al.61 aimed to study 
the effect of surface carbon coating on their NaCrO2 synthesised by a solid-
state reaction. The carbon-coated NaCrO2 maintained a stable discharge 
capacity of 110 mAh g−1 after the 40th cycle. It is claimed by other researchers 
that the carbon coating provides an effective shielding between the active 
material and the electrolyte, minimising their direct contact and reducing side 
reactions.62, 63 
 
Inspired by the success of LiCoO2, NaCoO2 is known as the first oxide 
compound ever studied as a cathode for Na-ion battery.53 Since then it has 
received numerous attentions. Both the O3- and P2-type layered oxide phases 
are very easily synthesised and both compounds show high reversible 
discharge capacity. Regardless of the stacking sequence of the CoO2 layers, 
the NaxCoO2 exhibit many voltage plateaus, demonstrating its biphasic 
behaviour,53, 64 which is clearly different from its lithium counterpart. 
D’Arienzo et al.65 synthesised Na0.71CoO2 via a hydrothermal method in order 
to understand the effect of particle size and the ionic diffusion length on its 
electrochemical performance. The material with thin microplatelets exhibits a 
stable discharge capacity of 105 mAh g−1 cycled at a rate of 0.04 C between 
2.0-3.9 V, while the material with a larger size only managed to achieve 70 
mAh g−1 cycled at the same conditions. These results agree with the 
literature62 that smaller particle size enhances diffusion kinetics, providing 
shorter ionic diffusion length. 
 
To date, literatures on layered sodium iron oxide (NaFeO2) are limited, due to 
its poor electrochemical properties. While the α-NaFeO2 seems to be a 
potential candidate, its performance is deterred by the unstable Fe4+ state.26 
Only the removal of Na+ is shown possible, but the insertion of sodium has not 
been successful. Even chemical deintercalation of a small amount of sodium 
(<0.1) led to substantial structural deterioration.66 
 
In order to improve the electrochemical performance of sodium metal oxides, 
several mixed metal oxides have been extensively explored. In 2012, Komaba 
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et al.67 prepared a solid-solution analogue, O3-type NaNi0.5Mn0.5O2 which 
showed much improved electrochemical performance than O3-type 
LiNi0.5Mn0.5O2. When cycled between 2.2-3.8 V, the cell can deliver a 
discharge capacity of 125 mAh g−1 at C/30. Increasing the voltage window to 
4.5 V gives a higher discharge capacity of 185 mAh g−1, but because of 
structural distortion, this is not fully reversible. Kim et al.68 investigated a 
lithium-substituted NaLi0.2Ni0.25Mn0.75Oy oxide composition prepared from a 
conventional solid-state reaction at 850 °C. The small concentration of lithium 
is required to create a Li-Mn interaction favourable for Na+ transfer. Results 
from 6Li MAS NMR studies suggest that lithium resides in multiple sites. The 
electrochemical performance in sodium-metal cells showed reversible 
capacities of 100 mAh g−1 with good rate capability. The same group69 also 
studied an R-3m compound Na(Mn1/3Fe1/3Ni1/3)O2 which can provide 120 
mAh g−1 in the voltage window 2.0-4.0 V. However, the mechanism of charge 
compensation in this material has not yet been elucidated. 
 
2.5.2. Phosphate-based Compounds 
 
Phosphate-based compounds have been comprehensively investigated after the 
introduction of LiFePO4 by Padhi et al.70 for Li-ion battery. Phosphate 
compounds are attractive because of the increase of redox potential caused by 
an inductive effect and good safety due to a strong phosphorus-oxygen 
covalent bond.71 However, they suffer from low ionic and electronic 
conductivity, which means that they require conductive surface coating and 
nanostructured morphology to have appreciable electrochemical performance. 
 
This phosphate polyanion framework has also been identified as possible 
candidate for Na-ion battery cathode material. Among others, the olivine 
NaFePO4 presents the highest theoretical capacity of all phosphate-based 
cathode materials. However, olivine NaFePO4 cannot be synthesised directly 
because the thermodynamically stable phase is maricite, which is 
electrochemically inactive.72 This is because the M1 and M2 sites occupied by 
Li+ and Fe2+ in olivine LiFePO4 is reversely occupied by Fe2+ and Li+ in the 
maricite NaFePO4. Thus, Oh et al.73 prepared the olivine NaFePO4 by 
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electrochemical delithiation of LiFePO4 synthesised by co-precipitation 
method. The sodium cell is then cycled at a rate of 0.05 C between 2.0-3.5 V, 
achieving a discharge capacity of 125 mAh g−1 with stable capacity and 
structure after 50 cycles. Besides that, olivine NaFePO4 is obtained via 
electrochemical insertion of sodium into FePO4.73, 74 Zhu et al.74 compared the 
electrochemical performance of LiFePO4 in a Li-ion cell with a NaFePO4 
prepared by chemical delithiation and then electrochemical sodiation of the 
same LiFePO4. Despite the volumetric expansion of NaFePO4, this study has 
shown that Na+ are able to be inserted-extracted reversibly from the material 
for at least 100 cycles at 0.1 C, demonstrating 90% capacity retention. 
However, it is learnt that the inferior kinetics of the sodium system is 
attributed to the volumetric changes and lower diffusion coefficient of Na+ in 
NaFePO4. Moreau et al.75 electrochemically synthesised two new olivine 
NaxFePO4 phases (x = 0.7 and 1) from sodiation of FePO4. The sodiation 
occurs in two steps, with the formation of the intermediate Na0.7FePO4. 
Rietveld refinement confirms the insertion of 1 mol of Na+ into FePO4. 
 
Similar to NaFePO4, the thermodynamic stable phase for NaMnPO4 is 
maricite.76 Therefore, very few literatures are available which employ a direct 
synthesise of NaMnPO4. Nonetheless, it is expected that the synthesis of 
NaMnPO4 goes through ion-exchange reaction or soft chemical methods. A 
metastable olivine phase of mixed metal phosphates, Na[Mn1−xMx]PO4 (M = 
Fe, Ca, Mg), nanorod is synthesised by a simple solid-state reaction at low 
temperature (< 100 °C) by means of a topotactic molten salt reaction that 
converts NH4[Mn1−xMx]PO4∙H2O to Na[Mn1−xMx]PO4.76 The connectivity of 
the iron and phosphate polyhedra in the (100) plane of Na[Mn1−xFex]PO4 is 
identical to that in the corresponding (101) plane of NH4[Mn1−xFex]PO4∙H2O, 
and upon rapid ion exchange of NH4+ for Na+, the adjacent sheets are knitted 
together, forming olivine Na[Mn1−xFex]PO4. 
 
The NASICON (Sodium Superionic Conductor) compounds feature a three-
dimensional framework that generate large interstitial spaces where Na+ can 
easily diffuse through it.77 The lithium-based NASICON-type compound has 
been widely studied as a cathode material for Li-ion battery owing to its high 
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Li+ diffusion and reasonable discharge capacity. Recently, the sodium 
analogue NASION (Na3M2(PO4)3) has been extensively reported. In 2012, 
Chen et al.78 shows that Na3V2(PO4)3 material is capable of operating as both 
cathode and anode, where the two voltage plateaus fall at 3.4 V and 1.63 V vs. 
Na+/Na. As a cathode, the material exhibits an initial discharge capacity of 99 
mAh g−1 at a voltage range of 2.7-3.8 V, and retains 99% of its capacity after 
10 cycles. Carbon-coated Na3V2(PO4)3 is obtained by Plashnitsa et al.79 which 
can deliver a discharge capacity of about 59 mAh g−1 at a low voltage range of 
1.0-3.0 V. At a higher voltage range, the cathode is able to attain a discharge 
capacity of about 100 mAhg−1, with a plateau at 3.4 V. Taking advantage of 
the big voltage difference between the plateaus, a symmetric cell using 
Na3V2(PO4)3||NaClO4||Na3V2(PO4)3 electrodes is designed, obtaining a 
capacity of 104 mAh g–1. Saravanan et al.80 prepared Na3V2(PO4)3/C cathode 
material which is able to provide 116 mAh g−1 discharge capacity over the 
voltage window 2.3-3.9 V involving 1.88 moles of Na+. Notably, nearly 50% 
of the initial discharge capacity is retained after 30,000 cycles at 40 C. The 
excellent cycling stability and durable electrode performance has never been 
reported thus far. 
 
2.5.3. Fluorophosphate-based Compounds 
 
Sodium fluorophosphate-based compounds have also been studied and tested 
as a potential cathode material for Na-ion battery cathode material. Recent 
publications have shown that this material exhibits comparable 
electrochemical behaviour as its lithium-based counterpart. Amongst the 
possible fluorophosphate materials, sodium iron and/or manganese 
fluorophosphates appear the most in the literature. With different crystal 
structure, the iron-phase possesses a 2D layered structured while the 
manganese-phase takes up a 3D tunnel structure.81, 82 Recent studies have 
focused on the iron compound because of its good electrochemical 





The first report on Li/Na2FePO4F is done in 2007 by Ellis et al.83 
demonstrating the possibility of desodiation via a slopping solid-solution 
curve during the chemical oxidation of Na2FePO4F to NaFePO4F. They 
managed to achieve a 0.8 electron exchange per unit formula on both the 
Na2FePO4F and Li2FePO4F obtained via ion-exchange from Na2FePO4F. 
However, an electrochemical study in a Na-ion cell is not shown in this study. 
Two years later, Recham et al.84 successfully repeated the results of Ellis’ 
study with their synthesised Na2FePO4F in a Li-ion cell. They have also 
reported the first study on Na2FePO4F in a Na-ion cell, prepared via 
ionothermal synthesis. Their cathode delivered an improved capacity of 120 
mAh g−1. Na2MnPO4F on the other hand, exhibits almost no electrochemical 
activity. In 2011, Wu et al.81 prepared Na2FePO4F via a sol-gel synthesis and 
performed a galvanostatic charge-discharge cycling in a Li-ion cell at elevated 
temperature of 60 °C. They have reported a high reversible capacity of 182 
mAh g−1, which corresponds to 1.46 electron exchange per unit formula. They 
have also successfully displayed that more than one electron exchange is 
feasible, involving the Fe3+/Fe4+ redox couple at high temperature. 
 
Kawabe et al.85 prepared Na2FePO4F by a solid-state route using ascorbic acid 
as the carbon source and demonstrated that the inclusion of an in-situ carbon 
source greatly enhanced the electrochemical performance. The carbon-coated 
Na2FePO4F delivered a reversible capacity of 110 mAh g−1 at a slow rate of 
0.05 C, while the Na2FePO4F prepared without ascorbic acid showed almost 
no electrochemical activity. Recently, Langrock et al.86 synthesised a carbon-
coated hollow Na2FePO4F using ultrasonic spray pyrolysis. The particles 
having sphere morphology, has an average size of 500 nm with a wall 
thickness of 80 nm. The cathode manages to deliver an initial discharge 
capacity of 90 mAh g−1 and retains 90% of the capacity after 100 cycles. Cui 
et al.87 employed a mixed carbon source which consists of citric acid and 
phenolic resin, forming a highly graphitised carbon coating. When cycled 
against lithium, the Na2FePO4F/C cathode delivered a discharge capacity of 
119 mAh g−1 at a low rate of 0.05 C. After 30 cycles at 0.1 C, 91% of the 
discharge capacity is retained. This enhanced electrochemical performance is 
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due to an improved in the electrical conductivity, as well as the high diffusion 
coefficient. 
  
When iron is partially substituted by manganese based on the formula 
Na2Fe1−xMnxPO4F, the iron-phase layered structure is preserved up to x = 0.1. 
When more iron is being substituted by manganese (0.3 < x < 1), the structure 
is dominated by the manganese-phase 3D tunnel structure, as demonstrated by 
several researchers.81, 84 The Na2Fe0.5Mn0.5PO4F delivered a high reversible 
capacity of 110 mAh g−1.82 From the operating voltage, the reaction in the 
sodium cell of Na2Fe0.5Mn0.5PO4F consists of three different regions. During 
the discharge process, three peaks are clearly observed at 3.36, 3.04, and 2.86 
V. A redox couple centred at 3.53 V is observed, which could be assigned to 
the Mn2+/Mn3+ redox reaction. The clear observation is that the polarisation of 
the Mn redox is larger compared with that of Fe2+/Fe3+, similar to the 
iron/manganese phosphates. 
 
Na2CoPO4F has also been focused as a possible cathode material due to the 
high redox potential of Co2+/Co3+. This compound crystallises in the 
orthorhombic Pbcn space group, and it is isostructural to Na2FePO4F and 
Na2FePO4OH.83, 88 The Na2CoPO4F phase is prepared by Ellis et al.88 and 
electrochemically tested with lithium anode. It demonstrated good charge 
capacity but poor discharge capacity owing to the high operating voltage 
between 4.7 and 5 V vs. Li/Li+. The use of a sodium anode will effectively 
diminishes the high voltage issue. Kubota et al.89 prepared Na2CoPO4F by a 
solid-state method, delivering a discharge capacity of 100 mAh g−1, with a 
nearly flat voltage plateau at around 4.3 V vs. Na/Na+. Although cyclability is 
not great, it is greatly enhanced by an addition of carbon source. However, an 
irreversible charge capacity of around 20 mAh g−1 at approximately 3.0 V is 
inevitable due to the oxidation of elemental cobalt impurity in the sample. Zou 
et al.90 successfully prepared Na2CoPO4F without any such elemental cobalt 
impurity using the spray-drying method. The sample delivered a reversible 
capacity of 107 mAh g−1 at 0.5 C with a voltage plateau at 4.3 V, dropping to 




Park et al.91 revealed an off-stoichiometry fluorophosphate-based 
Na1.5VPO4.8F0.7 cathode capable of delivering a discharge capacity of 134 
mAh g−1 in the voltage window 2.0-4.5 V, involving a 1.2 electron exchange 
per formula unit (V3.8+ ⇋ V5+). Furthermore, an excellent cycle life (95% 
capacity retention for 100 cycles and 84% for extended 500 cycles) could be 
achieved, which is attributed to the small volume change (2.9%) upon cycling. 
 
2.5.4. Pyrophosphate-based Compounds 
 
Even though the pyrophosphate compound has a low theoretical specific 
capacity (97 mAh g−1) due to its high molecular weight, it is attracting 
numerous research attentions thanks to its stable crystal structure and high 
operating voltage. One Na+ is reversibly extracted from Na2FeP2O7 based on 
the Fe2+/Fe3+ redox couple. Barpanda et al.92 successfully synthesised 
Na2FeP2O7 by using a solid-state method, as well as solution-combustion 
method. Their as-synthesised cathode is able to deliver a discharge capacity of 
82 mAh g−1 with the redox potential centred around 3.0 V. Very small 
volumetric change of 2.1% is observed during sodium extraction which could 
provide a very good stability during cycle life. Kim et al.93 recently published 
a very detailed experimental and theoretical study on the carbon-coated 
Na2FeP2O7 they synthesised by a solid-state method. They reported 
electrochemical performance on this compound, followed by a comparison 
with their theoretical calculations. The material shows a reversible capacity of 
90 mAh g−1 while exhibiting two distinct plateaus, one at 2.5 V based on a 
single-phase mode and the others in the potential range of 3.0-3.25 V based on 
consecutive two-phase reactions. This material demonstrates great thermal 
stability of up to 550 °C. Recent report by Chen et al.94 demonstrated the 
electrochemical properties of a Na2FeP2O7 positive electrode in an ionic liquid. 
Stable charge-discharge behaviour is obtained over the temperature range 253-
363 K. The compound achieved nearly theoretical capacity of about 90 mAh 
g−1. The rate performance illustrated considerable enhancement with 




A recently discovered Na2MnP2O7 polymorph, the triclinic β-Na2MnP2O7 is 
found to be electrochemically active, delivering a discharge capacity 
approaching 80 mAh g−1 (theoretical capacity of 97 mAh g−1) along with the 
Mn2+/Mn3+ redox potential centred at 3.6 V. Ha et al.95 prepared an off-
stoichiometric sodium rich metal pyrophosphates Na3.12M2.44(P2O7)2 (M = Fe, 
Fe0.5Mn0.5, Mn) as a cathode for Na-ion battery. The prepared sample shows 
good electrochemical performance compared with the stoichiometric 
pyrophosphate compounds without nanosizing or carbon coating. The sample 
delivered a reversible capacity of about 85 mAh g−1 at around 3 V vs. 
Na/Na+ with very stable cycle performance. 
 
2.5.5. Mixed-polyanion Compounds 
 
Mixed polyanionic compounds are unique frameworks with mixed polyanion 
groups of phosphate (PO4)3− and pyrophosphate (P2O7)4− ions, stabilised in the 
sodium system, and it is not known in the lithium system. First principle 
calculation of Na4Fe3(PO4)2(P2O7)96 suggests that a reversible electrode 
operation is found in sodium cells with discharge capacity of one-electron 
reaction per Fe atom at 129 mAh g–1. The redox potential of each phase is 
around 3.2 V vs. Na/Na+ for the Na-ion cell. Experimental study shows that 
Na4Fe3(PO4)2(P2O7) delivers approximately 100 mAh g−1 of reversible 




2.6. Research Objectives of the Thesis 
 
From the above discussions, it is clear that a suitable cathode material is not 
readily available for the commercialisation phase of Na-ion battery at the 
moment. In order to be classified as a potential candidate for Na-ion battery, 
the cathode material has to demonstrate the following characteristics: 




• High rate performance and stable long-term cyclability with high 
capacity 
• Safe, even after prolonged cycles 
• Comprises of earth-abundant and low cost elements 
 
Significant interests have been devoted to oxide-based compounds because of 
their relatively light molecular weight, resulting in a high reversible capacity 
and energy density. Nevertheless, safety concerns of the layered oxides (as 
demonstrated in Li-ion battery) may prohibit their successful implementation 
in large-scale energy storage in Na-ion battery. As a result, polyanion-based 
cathode materials involving phosphates or silicates are desirable substitutes to 
improve safety due to strong P-O and Si-O bond which enhances structural 
integrity. However, these compounds have comparatively low capacity (and 
hence, low energy density) because of their relatively higher molecular weight. 
That being said, the research objectives of this thesis aim to address the low 
energy density issue of polyanion-based cathodes by improving the voltage 
and reversible capacity, while still providing the advantage of an earth-
abundant and low cost material. In addition, good high rate performance and 
stable long-term cyclability are two desirable attributes of a cathode material. 
Bearing these in mind, the electrochemical performance of the cathode 
materials discussed in this thesis is enhanced by systematically tuning the 
number of moles of Na+ involved in the reversible insertion-extraction process, 
as well as the redox potential of the transition metal. 
 
 
2.7. Chapter Summary 
 
A review of the literature pertaining to anode and cathode materials is outlined 
in this chapter. The research gap is identified for the cathode section, which 
forms to the motive of this thesis. This study aims to contribute knowledge to 
cathode materials for Na-ion battery by exploring few potential polyanion-
based compounds for Na-ion battery. The subsequent chapters will illustrate 



















3.1. Preface to Chapter 3 
 
This chapter highlights the various material and electrochemical 
characterisation techniques performed on the synthesised samples. A 
description on the electrode material preparation, as well as coin cell 
fabrication is also provided. 
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3.2. Material Characterisation 
 
PXRD is performed on the Na2FePO4F samples in Chapter 4 with a Bruker D2 
PHASER desktop X-ray diffractometer using Cu-Kα radiation operated at 40 
kV and 30 mA from a 2θ angle of 10° to 60°. For the remaining of the chapters, 
PXRD is performed with a Bruker D8 ADVANCE ECO X-ray powder 
diffractometer using Cu-Kα radiation operated at 40 kV and 25 mA from a 2θ 
angle of 10° to 70° (in Chapter 6) and 10° to 100° (in Chapter 5 and 7). 
Rietveld refinement is performed on the obtained PXRD patterns using 
TOPAS version 4.2 software with a Chebyshev polynomial function. 
 
Surface morphology and particle size is observed using a FESEM (JEOL JSM-
7000F) operated at 15 kV and 20 mA. EDS and elemental mapping is 
conducted to obtain the elemental composition of the samples. Prior to 
FESEM and EDS, the samples are sputtered with a thin platinum coating using 
an auto fine coater (JEOL JFC-1600) to increase the surface conductivity. 
TEM analysis (JEOL JEM-2010F) operated at 20 kV is used to observe the 
carbon coating thickness of the Na2FePO4F/C nanocomposite. Prior to the 
TEM analysis, the samples are dispersed in ethanol by sonication and a drop is 
loaded on a Cu grid and dried. 
 
TGA is performed using a simultaneous DTA-TGA system (TA Instruments 
SDT-2960, used for Na2FePO4F in Chapter 4) and a Thermogravimetric 
Analyser (Discovery TGA, TA Instruments, used in the remaining chapters) to 
study the decomposition and reaction of the precursor and to determine the 
carbon content of the samples. For the former analysis, the precursor is heated 
under nitrogen at a heating rate of 5 °C min−1 starting from room temperature 
to 700 °C. For the latter analysis, the experiment is performed in air at a 
heating rate of 5 °C min−1 starting from room temperature to 800 °C. The 
experiment is performed on 12-15 mg of samples. 
 
Composition of the elements present in the samples is estimated by elemental 
analysis using the Dual-view Optima 5300 DV ICP-OES system. Sample is 
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digested with HNO3/HCl and top up to 10 mL with deionised water. 
Precipitate is observed prior to analysis. 
 
Nitrogen-physisorption characterisation is recorded at 77 K using a Nova 
2200e surface area analyser (Quantachrome, USA). Prior to the experiment, 
the samples are degassed in vacuum at 110 °C for 16 h. The BET specific 
surface area is determined from nitrogen adsorption isotherm in the relative 
pressure range, P/P0 of 0.05-0.3. The total pore volume is estimated from the 
amount of nitrogen adsorbed at a relative pressure of ~0.99. 
 
XPS analysis is performed with a Kratos AXIS UltraDLD (Kratos Analytical 
Ltd) at a base pressure of 1×10−9 Torr and a working pressure of 1×10−9 Torr 
using a mono Al-Kα radiation operated at 15 kV and 5 mA. The XPS 
spectrum is fitted using the XPSPEAK software version 4.1. A Shirley-type 
background is subtracted from the recorded spectrum. The derived binding 
energies (BE) are accurate to ±0.1 eV. 
 
 
3.3. Electrochemical Characterisation 
 
Electrochemical measurements of Na2FePO4F, Na2FePO4F/C, NaVPO4F and 
Na2MnSiO4/C electrode materials are carried out on 2016-type coin cells. In 
Chapter 4, the Na2FePO4F electrode is prepared by mixing the active material, 
Super P carbon black and binder in the weight ratio of 70:20:10. In Chapter 5, 
the Na2FePO4F/C electrode is prepared by mixing the active material, Super P 
carbon black and binder in the weight ratio 85:5:10 (80:10:10 for the reference 
sample). In Chapter 6, the NaVPO4F electrode is prepared by mixing active 
material, Denka Black carbon and binder in the weight ratio 80:10:10, 
respectively. In Chapter 6, electrode is prepared by mixing the Na2MnSiO4/C 
nanocomposite and binder in the weight ratio of 9:1. No extra additive carbon 
is used to prepare the slurry. The binder consists of a mixture of 
polyvinylidene fluoride (PVDF; Kynar 2801) and N-methyl-2-pyrrolidone 
(NMP; Merck) in the weight ratio of 1:10. The mixture is made into slurry and 
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coated on an etched aluminium foil of 0.015 mm thickness (Shenzhen Vanlead, 
China) using the doctor blade technique. The pasted electrode is dried in a 
vacuum oven (Memmert, Germany) at 110 °C for 6 h. The dried electrode is 
then pressed using a desktop roller-press (Hohsen Corporation, Japan) with a 
pressure of 37 psi to ensure intimate contact between the electrode material 
and the current collector. The pressed electrode is punched into circular discs 
and dried again at 110 °C for 6 h in a vacuum antechamber to remove any 
traces of moisture. The geometrical area of the electrode is 2.01 cm2 for 2016-
type electrode, and 0.95 cm2 for a Swagelok-type electrode. The typical active 
material loading on the electrode is 1.4-1.6 mg cm−2. 
 
The coin cells are assembled in an argon-filled glove box (MBraun, Germany) 
with metallic sodium as the counter electrode and glass microfiber filters 
(Whatman; Grade GF/C) as the separator. A split flat three-electrode setup 
(MTI Corporation) is used to assemble three-electrode electrochemical cell for 
EIS measurement over the frequency range of 10 mHz to 1 MHz. The counter 
and reference electrodes used are metallic sodium disc and ring, respectively, 
with Na2FePO4F, Na2FePO4F/C, NaVPO4F and Na2MnSiO4/C as the 
respective working electrode. The electrolyte used in Chapter 4, 5 and 6 is 1 M 
NaClO4 in ethylene carbonate (EC; Sigma-Aldrich)-propylene carbonate (PC; 
Sigma-Aldrich) (1:1 volume ratio). In Chapter 7, the electrolyte used is 1 M 
NaPF6 in ethylene carbonate (EC; Sigma-Aldrich)-propylene carbonate (PC; 
Sigma-Aldrich) (volume ratio of 1:1) with 5 vol.% vinylene carbonate (VC; 
Sigma-Aldrich) as the electrolyte additive. 
 
The assembled coin-cell (a two-electrode setup) is galvanostatically charged 
and discharged between 2.0-4.0 V (in Chapter 4 and 5), 2.0-4.2 V (in Chapter 
6) and 2.0-4.3 V (in Chapter 7) at room temperature using a battery testing 
station (Arbin Instruments BT-2000). For the Na2MnSiO4/C electrode, CCCV 
mode is initiated at the end of the charge cycle at 4.3 V for 2 h. CV 
experiment is carried out on coin cells between 2.0-4.0 V (in Chapter 4 and 5) 
and 2.5-4.2 V (in Chapter 6) at a scan rate of 0.05 mV s−1 at room temperature. 
Both the electrochemical studies (EIS and CV) are carried out using a VMP3 
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tester (BioLogic Science Instruments, France). The obtained experimental data 
are analysed using EC-Lab version 10.19. 
 
The electronic conductivity is determined by EIS with a VMP3 tester 
(BioLogic Science Instruments, France) using samples pressed into pellets of 
0.38 mm thickness and 0.80 mm diameter. Ionically-blocking platinum 
electrodes are deposited on both the flat surfaces of the pellet by means of 
vacuum sputtering (JEOL JFC-1600). The measurements are performed as a 
function of temperature from 25-120 °C in air over the frequency range of 10 
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4.1. Preface to Chapter 4 
 
In this chapter, the electrode performance of an iron-based fluorophosphate 
cathode material, Na2FePO4F is analysed and discussed. Firstly, the 
experimental section is outlined in detail, including both synthesis and 
characterisation techniques. The electrochemical properties of two samples 
(which differ in synthesis step) are analysed in terms of antisite disorder, 








A great range of cathode materials are being investigated in recent times for 
Na-ion battery, each exhibiting its own advantage and disadvantage.24 In 
particular, sodium fluorophosphate-based compounds have been studied and 
tested as a potential cathode for Na-ion battery due to its relatively high 
voltage and stable long-term cycling. Based on the literature review presented 
in the previous chapter, recent publications have shown that this material 
exhibits comparable electrochemical behaviour as its lithium-based 
counterpart.6, 8 
 
Amongst the possible fluorophosphate materials, sodium iron and/or 
manganese fluorophosphates appear the most in the literature. Both the 
compounds have different crystal structure, where the iron-phase possesses a 
2D layered structured with the space group of  Pbcn, while the manganese-
phase takes up a 3D tunnel structure with space group of P21/n.81, 82 Recent 
studies have focused on the iron compound because of its better 
electrochemical performance, while the manganese compound is less 
described due to poor electrochemical properties.  
 
Na2FePO4F consists of pairs of face-sharing Fe octahedral, each coordinated 
to four oxygen and two fluorine ions, forming Fe2O6F3 bioctahedral units 
(Figure 4.1a). These units are connected by corner-sharing (via F site) to other 
pairs of Fe face-sharing octahedral along the a-direction (Figure 4.2b). These 
connected chains of Fe octahedra are bonded through corner-sharing PO4 
tetrahedral unit (Figure 4.1b) along the c-direction (Figure 4.2a) thus forming 
a layer of Fe2O6F3−PO4 units in the ac plane (Figure 4.2b). There are two 
crystallographically unique sodium sites, Na1 (yellow sphere) and Na2 
(magenta sphere) available for Na+ occupancy, as highlighted in Figure 4.2c. 
The Na1 site is surrounded by four oxygen ions and two fluorine ions. The 
Na2 surrounding is slightly smaller than that of Na1. The Na2 site has four 
oxygen ligands and two fluorine ligands. As a result, Na2 may be said to have 




Figure 4.1 (a) Fe2O6F3 bioctahedral units and (b) PO4 tetrahedral unit. 
 
 
Figure 4.2 (a) Crystal structure of Na2FePO4F viewed along (a) a-axis, (b) b-axis and (c) c-







From the crystal structure, clear Na+ diffusion channels are observed along the 
a- and c-axes, whereas b-axis does not show any obvious channels (Figure 
4.2). However, both the open channels differ in terms of activation energy. 
The figures in Table 4.1 reveal that the lowest energy pathways for Na+ 
migration in Na2FePO4F occurs parallel to the a- and c-axes with energy 
barriers for long-range diffusion of about 0.29 and 0.44 eV respectively. 
Table 4.1 Activation energies for chemical diffusion of Na+ in Na2FePO4F.97 





From single crystal refinement,88 the unit cell parameters for Na2FePO4F (a = 
5.2200(2) Å, b = 13.8540(6) Å, and c=11.7792(5) Å) result in a unit cell 
volume of 851.85 Å3. This is slightly larger than the unit cell of the 
isostructural Na2CoPO4F (a = 5.2475(9) Å, b = 13.795(2) Å, c = 11.689(2) Å, 
V = 846.2 Å3)98 because of the larger ionic radius of Fe2+ (78 pm) compared to 
that of Co2+ (74 pm).99 Although the cobalt coordination site is smaller than 
that of the iron site, the Na1 and Na2 environments are similar for both 
compounds. 
 
In terms of electrochemical properties, the Na2FePO4F has a molecular weight 
of 215.8 g mol−1, resulting in a theoretical capacity of 124 mAh g−1. The 
sodium storage performance of Na2FePO4F can be improved if the material is 
prepared with relatively (i) small particle size; (ii) high surface area; (iii) low 
antisite disorder concentration, which is then correlated with (iv) an enhanced 
transport properties. The discharge capacity and the cycling stability reported 
by previous literatures81, 85, 86 are on a relatively low side, resulting in a low 
energy density. Encouraged by these, nanostructured Na2FePO4F is 
synthesised by a soft template method, followed by high-energy ball milling 
(HEBM) process. This HEBM sample shows excellent sodium storage 
performance as compared to pristine material (involving no HEBM process) 
with an initial discharge capacity of 116 mAh g−1 at 0.1 C. The cause for this 
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impressive sodium storage performance is elucidated in terms of its particle 




4.3. Material Synthesis 
 
Nanostructured pure Na2FePO4F is synthesised via a soft template method 
using NaF as the only sodium precursor. Typically, 1.0 mili mol of cationic 
surfactant, hexadecyltrimethylammonium bromide (CTAB) 
(CH3(CH2)15N(Br)(CH3)3, Sigma-Aldrich, purity 96%) is dissolved in a 
mixture of absolute ethanol and Milli-Q water in the volume ratio of 6:5. The 
solution is stirred for 60 min, to trigger the formation of micelles. This is then 
followed by addition of anhydrous iron (II) acetate (Fe(CH3COO)2, Strem 
Chemicals, 97%), sodium fluoride (NaF, Merck, >99.5%) and ammonium 
dihydrogen phosphate (NH4H2PO4, Alfa Aesar, 98%) in the molar ratio of 
1:2:1, respectively. The obtained brown solution is further stirred for another 
24 h at room temperature to homogeneously mix the precursors.  
 
The ethanol-water solvent is removed using a rotary evaporator (Heidolph 
Hei-VAP Precision ML/G3). The obtained precipitate is grounded and 
calcined in a tubular furnace (MTI Corporation, USA) at 550 °C for 6 h under 
argon atmosphere. The as-prepared  product is then ball milled with Super P 
carbon black (Alfa Aesar, >99%) using a planetary milling machine (Fritsch 
Planetary Micro Mill PULVERISETTE 7 premium line) at 500 rpm for 4 h 
with the weight ratio of sample:balls = 1:40.100 The obtained ball milled 
sample is then post heat treated in a tubular furnace at 550 °C for 3 h under 








4.4. Results and Discussion 
 
4.4.1. Structural and Morphological Analysis 
 
The carbon content of the pristine as well as HEBM samples is determined by 
TGA analysis (Figure 4.3). The total carbon content of the pristine sample is 
determined to be 5 wt.%. The total carbon content for the HEBM sample is 
measured to be around 25 wt.%, which originated from the 5% in-situ and 20% 
ex-situ Super P carbon. 
 
The TGA curve of the precursors shown in Figure 4.4 reveals four main stages 
of weight loss. Starting from 30 °C to 125 °C, the precursor experiences a loss 
of about 10 wt.%, which is mainly attributed to the loss of crystallisation 
water.102 From 125 °C to 248 °C, the precursor losses about 16 wt.% of its 
weight due to the thermal decomposition of CTAB, Fe(CH3COO)2 and 
NH4H2PO4.102 Further weight loss of ~9% at a temperature range of 248 °C to 
305 °C is ascribed to the continuous thermal decomposition of CTAB, 
Fe(CH3COO)2 and NH4H2PO4. The continuous weight loss of about 5 % in the 
temperature range of 305 °C to 540 °C is attributed to the thermal 
decomposition of remaining organics.102 Further heating at temperatures 




Figure 4.3 TGA curves of (a) pristine and (b) HEBM Na2FePO4F samples obtained at a 






Figure 4.4 TGA curve of the precursors obtained at a heating rate of 5 °C min−1 from room 
temperature to 700 °C. 
 
Figure 4.5 PXRD patterns of (a) standard Na2FePO4F, (b) pristine and (c) HEBM samples. 
Table 4.2 provides the elemental composition in the pristine and HEBM 
samples obtained from ICP elemental analysis. It is clearly seen that both the 
samples have a Na:Fe:P stoichiometric molar ratio of 2:1:1, corresponding to 







Table 4.2 Elemental (Na, Fe and P) composition in the pristine and HEBM samples. 
Sample Na content Fe content P content 
Pristine 18.9 wt% 22.9 wt% 12.8 wt% 
 2.0 mol 1.0 mol 1.0 mol 
HEBM 12.5 wt% 15.1 wt% 8.4 wt% 
 2.0 mol 1.0 mol 1.0 mol 
 
The PXRD patterns shown in Figure 4.5 confirm single-phase formation of 
Na2FePO4F without any observable impurity phases irrespective of the 
synthesis conditions. The lattice parameters of these samples are shown in 
Table 4.3, which are in good agreement with the literature.81, 83-85, 88, 97 Table 
4.3 also presents changes in the lattice parameters and the unit cell volume of 
these samples compared to the standard Na2FePO4F. The changes in the unit 
cell volume can be due to the presence of antisite disorder in the respective 
samples103 (which will be discussed later). Substitution of a bigger ion into 
sites which belong to a smaller ion (e.g. Na+ into Fe2+ sites) is known to 
increase the lattice parameters, ultimately increasing the cell volume. Under 
this line, a small amount of antisite disorder is present in the HEBM sample, 
the unit cell volume increases only by 0.06% with respect to the standard 
sample reported in literature. With an increase in antisite disorder 
concentration as can be seen in the pristine sample, the unit cell volume 
experience a greater increase of 0.15%. Substitution of a bigger ion into sites 
which belong to a smaller ion (e.g. Fe2+ into Na+ sites) is known to increase 
the lattice parameters, ultimately increasing the cell volume.104 
Table 4.3 Lattice parameters and the cell volume of pristine and HEBM samples obtained 
from Rietveld refinement. 
Sample a (Å) b (Å) c (Å) V (Å3) ΔV (%) 
Standard 5.220000 13.85400 11.77920 851.8500 - 
Pristine 5.22468(29) 13.85789(92) 11.78281(92) 853.111(99) 0.15 





Figure 4.6 FESEM images of (a) pristine and (b) HEBM samples. 
Although both the pristine and HEBM samples exhibit pure phase of 
Na2FePO4F, the effect of ball milling can significantly alter the particle size 
and morphology.105 Figure 4.6 depicts the FESEM images of the pristine and 
HEBM samples, respectively. As shown in Figure 4.6a, the particle size of 
pristine sample falls in the range 200-300 nm. In contrast, Figure 4.6b shows 
noticeably smaller, more uniform particle morphology for HEBM sample, 
with a uniform crystallite size distribution centred around 100 nm. 
 
Figure 4.7 shows the nitrogen-physisorption characteristics and their 
respective BJH pore size distributions for both the samples. All samples 




isotherm associated with a mesoporous nature.106 BET surface area of the 
pristine sample is measured to be 22.2 m2 g−1, with a pore size distribution 
between 2-5 nm (Figure 4.7a). Interestingly, after 4 h ball milling, the BET 
surface area doubles to 40.0 m2 g−1, with a pore size distribution of 2-6 nm 
(Figure 4.7b). Even though pore size distribution is similar for both the 
samples, the pore volume in the HEBM sample is higher, which provides 




Figure 4.7 Nitrogen physisorption isotherms of (a) pristine and (b) HEBM samples with inset 






4.4.2. The Study of Na-Fe Antisite Disorder 
 
Rietveld refinement is performed on the PXRD patterns of both the pristine 
and HEBM samples to obtain the positions of the ions, as well as the 
percentage of the antisites disorder and the results are respectively presented 
in Figure 4.8 and Figure 4.9. Antisite disorder is a type of crystallographic 
defects where site-mixing of the cations occur, and is well-known in 
intercalation compounds.107, 108 
 
The quality of the refinement is determined based on Rwp, Rp and RBragg values. 
According to Toby,109 the values of Rwp and Rp indicate how well the refined 
profile fits the measured profile. It can be seen that for both the samples, Rwp 
and Rp obtained is less than 3, which reflects a good refinement. The third 
reliability factor value, namely the RBragg, indicates how “correct” the 
modelled structure is with the measured profile.109 It provides a valuable 
indication that the refined model is close to reproducing the crystallographic 
observations. In other words, RBragg presents an indication on how well the 
refined crystal structure agrees with the measured profile. 
 
 





Figure 4.9 Rietveld refinement profile of the HEBM sample. 
Table 4.4 Summary of the results obtained from Rietveld refinement. 
Sample Fe2+ occupancy Rwp Rp RBragg 
% of antisite 
disorder 
Pristine 
Na1 site  2.85 2.22 3.52 1.46(23) 
Na2 site  2.85 2.23 4.29 1.32(20) 
Na1 and Na2 sites  2.84 2.22 2.04 1.41(16) 
HEBM 
Na1 site  2.22 1.75 3.85 0.44(23) 
Na2 site  2.21 1.75 4.08 0.42(35) 
Na1 and Na2 sites  2.19 1.73 2.34 0.48(21) 
 
To determine the site occupancies and the percentage of antisite disorder in the 
samples, four assumptions are made: 1) Fe2+ is occupying the Na1 site; 2) Fe2+ 
is occupying the Na2 site; 3) Fe2+ is simultaneously occupying both Na1 and 
Na2 sites; and 4) there is no antisite disorder present. Figure 4.8 and Figure 
4.9 show the Rietveld refinement pattern of the pristine and the HEBM 
samples, respectively, for assumptions 1, 2 and 3, with reliability factor values 
and the percentage of antisite disorder. A summary of the refinement results is 
shown in Table 4.4. The refined pattern for assumption 4 for both the samples 
is shown in Figure 4.10, which gives very large reliability factor values. Given 




concluded that Fe2+ is simultaneously occupying both the Na1 and Na2 sites. 
The site occupancies and percentage of Fe2+ in Na sites for both the pristine 
and HEBM samples are presented in Table 4.5 and Table 4.6. 
 
 
Figure 4.10 Rietveld refinement profile of the (a) pristine and (b) HEBM sample with no 
antisite disorder. 
Table 4.5 Site occupancies and percentage of iron in sodium sites of the pristine sample. 
Rwp = 2.84; Rp = 2.22 and RBragg = 2.04; SG: Pbcn 
Site Ions x y z Occ (th) Occ (calc) 
Na1 
Na+ 
0.22029 0.24281 0.31448 
1 0.9925 
Fe2+ 0 0.0071 
Na2 
Na+ 
0.25313 0.1303 0.07528 
1 0.9935 
Fe2+ 0 0.0070 
Fe1 
Fe2+ 
0.24112 0.01103 0.32912 
1 0.9857 
Na+ 0 0.0075 
Na+ 0 0.0069 
P1 P5+ 0.22406 0.38236 0.08666 1 1 
F1 F− 0 0.13296 0.25 1 1 
F2 F− 0.5 0.12725 0.25 1 1 
O1 O2− 0.29233 0.36647 -0.03597 1 1 
O2 O2− 0.35626 0.30436 0.14498 1 1 
O3 O2− -0.14665 0.37767 0.09832 1 1 
O4 O2− 0.33977 0.47016 0.13837 1 1 





Table 4.6 Site occupancies and percentage of iron in sodium sites of the HEBM sample. 
Rwp = 2.19; Rp = 1.73 and RBragg = 2.34; SG: Pbcn 
Site Ions x y z Occ (th) Occ (calc) 
Na1 
Na+ 
0.25804 0.24388 0.31509 
1 0.9988 
Fe2+ 0 0.0021 
Na2 
Na+ 
0.22264 0.1473 0.09175 
1 0.9985 
Fe2+ 0 0.0027 
Fe1 
Fe2+ 
0.2646 -0.00433 0.3422 
1 0.9981 
Na+ 0 0.0011 
Na+ 0 0.0010 
P1 P5+ 0.26813 0.38391 0.05545 1 1 
F1 F− 0 0.12212 0.25 1 1 
F2 F− 0.5 0.07716 0.25 1 1 
O1 O2− 0.3119 0.38407 -0.07688 1 1 
O2 O2− 0.33593 0.29738 0.13674 1 1 
O3 O2− -0.04772 0.37534 0.12525 1 1 
O4 O2− 0.28851 0.47739 0.1622 1 1 
Total % of Fe2+ occupying Na sites = 0.48(21)% 
 
Antisite disorders possess critical problems for intercalation-based olivine 
compounds such as LiFePO4 because a single blocked path prevents 
continuous migration of ions.97, 107, 110, 111  However in a 2D layered material 
such as Na2FePO4F, reduced antisite disorder causes great improvement in 
Na+ diffusion due to available channels in other orientations.97 From Table 4.4, 
the percentage of antisite disorder obtained for the HEBM sample is about 3 
times less than the pristine sample. It is believed that the relatively low 
percentage of antisite disorder in the HEBM sample is due to the localised 
high temperature generated during the ball mill process. The local high 
temperature due to ball milling, coupled with the post heat treatment at 550 °C 
for 3 h in this compound with several possible channels for Na+ migration play 
an important role in the rearrangement of the cations in the crystal lattice, 
bringing down the antisite disorder.107, 112 Therefore, ball milling along with 
post heat treatment influences antisite disorder substantially in the 2D layered 
Na2FePO4F sample unlike 1D compound like LiFePO4 where the scope for 




4.4.3. Sodium Storage Performance 
 
To understand how ball mill process influences the electrochemical 
performance of the Na2FePO4F samples, galvanostatic charge-discharge 
cycling is performed in a voltage window of 2.0-4.0 V. The sodium half-cell is 
cycled vs. sodium metal at a current rate of 0.1 C at room temperature. The 
HEBM sample exhibits two well-defined voltage plateaus corresponding to 
two reversible phase transformations of Na2FeIIPO4F⇌ Na1.5FePO4F and 
Na1.5FePO4F⇌NaFeIIIPO4F86, centred at 2.92 V and 3.07 V, respectively 
(Figure 4.11). This unique two-voltage plateau is characteristic to this 
material97 because of the two distinct sodium chemical potentials involved 
during electrochemical activity. The observed voltage plateaus are consistent 
with the reported literature on electrochemical performance of Na2FePO4F.85, 
86 The HEBM sample delivers a higher discharge capacity of 116 mAh g−1 
close to theoretical capacity (124 mAh g−1); while the pristine sample only 
managed to deliver a discharge capacity of 87 mAh g−1 at 0.1 C. To further 
investigate the high rate storage performance, both samples are tested at 
different current rates. 
 
 
Figure 4.11 Galvanostatic charge-discharge curves of the pristine and HEBM samples cycled 
at 0.1 C rate. 
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Figure 4.12a depicts the rate performance of both samples. At slow rates of 0.1 
C, 0.2 C and 0.5 C, the pristine and HEBM samples delivered a respective first 
cycle discharge capacity of 116 and 95 mAh g−1; 110 and 78 mAh g−1; and 98 
and 60 mAh g−1. At 1 C, the HEBM sample exhibits a discharge capacity of 
78 mAh g−1 on the 1st cycle, with the two distinct voltage plateaus, and 
retaining a discharge capacity of 75 mAh g−1 after the 10th cycle (Figure 
4.12b). At higher current rates, the HEBM sample is still capable of achieving 
moderate discharge capacity, while the pristine sample shows almost no 
sodium storage activity. At these rates, the achieved capacity of HEBM 
sample is found to be relatively higher compared to the reported literature.85, 86 
 
 
Figure 4.12 (a) Rate performance of pristine and HEBM samples and (b) 1 C charge-





The two voltage plateaus seen here during charge and discharge arises from 
the electrochemical activity of the Na2FePO4F working electrode (WE) itself 
due to difference in the Na+ diffusion kinetics along two directions (a- and c- 
axes), and not from the formation of a passivation film on the counter 
electrode, as suggested by Rudola et al.113 To further investigate this 
phenomenon, galvanostatic cycling is conducted on a three-electrode cell at 1 
C with the HEBM sample as the WE and metallic sodium as the reference and 
counter electrode (RE and CE). The resulting voltage profile is shown in 
Figure 4.13. As can be seen, the two-voltage plateaus observed during charge 
and discharge arises from the electrochemical activity of the WE itself and not 
from the formation of a passivation film on the CE.113 Although the CE 
displays a voltage step during discharge due to the formation of a passivation 
film, the two-voltage plateau is still clearly visible on the WE profile, which 
further clarifies that this two-voltage profile belongs to the WE. 
 
 
Figure 4.13 Three-electrode galvanostatic cycling at 1 C of the Na2FePO4F WE electrode 




Figure 4.14 Long-term cycling and coulombic efficiency at 1 C rate of the HEBM sample. 
The long-term cyclability and the coulombic efficiency of the HEBM sample 
are also evaluated at 1 C. It displays remarkable cycling stability as shown in 
Figure 4.14, where a discharge capacity of more to 60 mAh g−1 is retained at 
the 200th cycle at room temperature, which translates to 79% capacity 
retention. The average coulombic efficiency throughout the 200th cycle is 
99.3%. 
 
4.4.4. Cyclic Voltammetry 
 
The pristine and HEBM samples are also characterised electrochemically by 
CV to determine the activity of the iron redox couple. The cyclic 
voltammograms are shown in Figure 4.15. Both the samples show a first 
anodic and cathodic peaks centred around 2.87 V and 2.98 V respectively, 
which correspond to the activity of Fe2+/Fe3+ couple, attributed to the 
reversible phase transformations of Na2FePO4F ⇌ Na1.5FePO4F. The second 
anodic and cathodic peaks at 3.02 V and 3.14 V, respectively, correspond to 
the second reversible phase transformation of Na1.5FePO4F ⇌ NaFePO4F of 
the Fe2+/Fe3+ couple. These results are in good agreement with the 




Furthermore, under similar electrode preparation and measurement conditions, 
the electrode made of the HEBM sample repeatedly shows less voltage 
polarisation (~110 mV) than the pristine one (~300 mV) as inferred from the 
peak positions of the cyclic voltammogram (see Figure 4.15), indicating an 
enhanced electrochemical kinetics of HEBM sample. In addition, the HEBM 
electrode demonstrates good electrochemical reversibility, as there is no 
significant change in the position of both the anodic and cathodic peaks upon 
cycling (only two cycles are shown for clarity purpose). 
 
 





4.4.5. Redox Reaction during Cycling 
 
Ex-situ XPS analysis is performed on HEBM electrode to investigate the 
transition of the Fe2+/Fe3+ redox couple during the course of cycling. The 
reversible phase transformation of Na2FePO4F→NaFePO4F is expected during 
charge and back transformation of NaFePO4F→Na2FePO4F during discharge, 
which is supplemented by the oxidation of iron from +2 to +3, and reduction 
from +3 to +2. The oxidation state of Fe is probed using XPS data obtained on 
electrode at OCV, fully charged (to 4.0 V) and fully discharged (to 2.0 V) 
states. From Figure 4.16, it is found that the fresh electrode has a binding 
energy (BE) peak located at 711.2 eV. This peak corresponds to the BE of 
Fe2+. There is no Fe3+ species detected. During charging, which corresponds to 
Na+ extraction, the iron species experiences an oxidation transition from Fe2+ 
to Fe3+. Accordingly, the Fe BE peak shifts to 712.2 eV, which corresponds to 
the BE of Fe3+.[114-116] Upon a full discharge, all Fe3+ species are fully reduced 
to Fe2+. From the above observations it is concluded that the insertion-
extraction mechanism involves 1 mol of Na+, which accounts for the high 
discharge capacity achieved in HEBM sample.  
 
 




Ex-situ XPS analysis is also performed on sodium, Na+; phosphorous, P5+; and 
oxygen, O2− ions. As these ions do not exhibit multiple oxidation states, they 
demonstrated a constant BE throughout the OCV, charge and discharge states, 





Figure 4.17 Ex-situ XPS spectra of (a) Na+, (b) P5+ and (c) O2− obtained on a fresh, charged 






4.4.6. Diffusion Study 
 
CV is recorded at different scan rates of 0.1 to 0.5 mV s−1 in a potential range 
of 2.0 to 4.0 V (Figure 4.18a). As the scan rate increases, the height and the 
area of the CV curves increases, due to the constant capacity of the electrode 
(the ratio of the peak area and the scan rate yields the capacity). The peak 
current ratio of the anodic and cathodic peaks appear to be unity,117 which 
indicates that there are no perceivable side reactions during the sodium 
insertion and extraction processes.105, 114 The linear relationship between the 
peak current and the square root of the scan rate in Figure 4.18b and Figure 
4.18c implies that the electrochemical process is solely controlled by 
diffusion,105, 114, 117 which is a typical equilibrium behaviour of an 
intercalation-type compound. 
 
EIS measurement is performed on a fresh three-electrode cell at OCV for both 
the pristine and HEBM samples. The obtained experimental data as shown in 
Figure 4.19a are fitted using the equivalent circuit model (Figure 4.19b), 
which constitutes Rs at high frequency, two resistances, R1 and R2, constant 
phase elements, CPE1 and CPE2 at high and medium frequency regions 
respectively and a Warburg impedance, Zw. While the intercept at the Zre axis 
in the high frequency range (Rs) corresponds to both the electrolyte and 
contact resistance, the high-frequency semicircle (R1) is attributed to the Na+  
transfer resistance through the passivation layer, whereas the medium-
frequency semicircle (R2) refers to the charge transfer resistance for the 
electrons and Na+ [113, 118] across the electrode-electrolyte interface, carbon-
particle interface and particle-particle contact.119 The inclined slope observed 
in the low frequency range is attributed to the Warburg impedance, Zw, which 




Figure 4.18 (a) Cyclic voltammogram for the HEBM sample at different scan rates. The 
relationship between the peak current and the square root of the scan rate for (b) peak current 







Figure 4.19 (a) Nyquist plots of the electrochemical impedance spectra of pristine and HEBM 
sample obtained from fresh cell at OCV and (b) equivalent circuit. 
Table 4.7 Impedance parameters obtained using an equivalent circuit model. 
Sample Rs (Ω) R1 (Ω) R2 (Ω) 
Pristine 3.96 63.11 47.26 
HEBM 3.08 16.93 27.69 
 
The fitted values of Rs, R1 and R2 are presented in Table 4.7. The relatively 
smaller R1 value for the HEBM sample implies less Na+ transfer resistance at 
the solid electrolyte interface.120 The smaller R2 of the HEBM sample also 
means that a faster charge transfer occurs at various interfaces compared to the 
pristine sample.114 
 
EIS is a technique which has been established as a reliable method to calculate 
the lithium or sodium chemical diffusion coefficient of the intercalation-
















TRDNa =  (4.1) 
 
Herein, DNa is the sodium chemical diffusion coefficient (cm2 s−1), R is the 
ideal gas constant (8.314 J mol−1 K−1), T is the ambient temperature in 
absolute term (303.15 K), A is the contact area of the electrode (2.01 cm2), n is 
the number of electrons per molecule during oxidisation, F is the Faraday 
constant (96,486 C mol−1), C is the concentration of Na+ (3.80×10−3 mol cm−1), 
and σ is the Warburg coefficient (Ω s−1/2). 
 
 
Figure 4.20 Linear fittings between Zre and ω−1/2 in the low frequency region. 
The Warburg coefficient, σ, is associated with Zre based on the following 
equation:127 
 
 21−++= σωctsre RRZ  (4.2) 
 
where ω is the angular frequency. From Equation (4.2), the Warburg 
coefficient, σ, can be determined from the gradient of the Zre vs. ω−1/2 plot. 
Figure 4.20 shows the linear relationship between Zre and the reciprocal square 
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root of the angular frequency, ω−1/2 at low frequency region. By using 
Equation (4.1), the calculated sodium chemical diffusion coefficient for both 
the samples is tabulated in Table 4.8. It has to be noted that the diffusion 
coefficient in systems involving a two-phase reaction mechanism is not 
constant; therefore, the calculated sodium chemical diffusion coefficient 
represents an apparent value. It is interesting to note that the calculated 
diffusion coefficient for the HEBM sample is one order of magnitude higher 
than the pristine sample. 
Table 4.8 Warburg coefficient and calculated sodium chemical diffusion coefficient. 
Sample Warburg coefficient, 
σ (Ω s−1/2) DNa (cm
2 s−1) 
Pristine 573.91 8.54×10−15 
HEBM 191.62 7.66×10−14 
 
The relatively low antisite disorder upon HEBM followed by post heat 
treatment results in a more favourable sodium migration along different 
possible channels in this 2D layered Na2FePO4F, showing one order of 
magnitude higher sodium chemical diffusion coefficient compared to the 
pristine sample. The lower antisite disorder in the HEBM sample in turn 
results in an enhanced sodium storage performance compared to the pristine 
sample, as well as impressive long-term cyclability. The enhanced Na+ 
diffusion along with reduced resistances for the charge transfer and Na+ 
transport across various interfaces reduces the ohmic polarisation observed in 
this study for the HEBM sample. It is thus believed that the low antisite 
disorder in the HEBM sample promotes a more kinetically facile diffusion 
property, demonstrating an enhanced sodium storage performance compared 
to the pristine sample. 
 
 
4.5. Chapter Summary 
 
In summary, this chapter presents the sodium storage performance of 
Na2FePO4F prepared via a soft template method, followed by high-energy ball 
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milling and post heat treatment. The HEBM sample delivered a discharge 
capacity of 116 and 78 mAh g−1, at 0.1 C and 1 C, respectively while pristine 
sample without the HEBM process demonstrated a relatively low sodium 
storage performance of 87 mAh g−1 at 0.1 C. The HEBM sample exhibited 
stable cycling performance up to 200 cycles at 1 C, retaining almost 80% of its 
initial capacity, with an average coulombic efficiency of 99.3%. The HEBM 
sample is also more superior in terms of rate performance as compared to the 
pristine sample. However, both the long-term cyclability and the rate 
performance of the HEBM sample still have a lot of rooms for improvement. 
The next chapter will look into addressing these shortcomings by employing a 
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5.1. Preface to Chapter 5 
 
This chapter serves as an extended effort to enhance the electrochemical 
performance of Na2FePO4F. This aim is accomplished by employing a novel 
soft template-solvothermal synthesis strategy, forming a uniform conductive 
carbon coating in the solvothermal step. Different carbonising agents are used 
to appraise its effect on sodium storage properties. This comparative study 
aims to investigate how different carbon source will have an influence on 
electronic conductivity and sodium chemical diffusion coefficient, which 





As highlighted in the previous chapter, sodium-based energy storage 
technology has its own disadvantages, which mainly lies on the size of its 
charge carrier.6, 20 Having a larger charge carrier presents unfavourable 
consequences in terms of diffusion kinetics, where motion of the Na+ will be 
significantly more sluggish especially at fast operations. 
 
In this context, in order to achieve optimal storage performance preferably at 
high rates, it is mandatory to reduce the crystallite size for rapid extraction of 
both Na+ and electrons from the bulk.128, 129 Reducing the particle size can 
significantly shorten the diffusion time of Na+, resulting in a much enhanced 
electrochemical performance. Besides that, cationic doping is also a proven 
strategy, where the presence of dopants creates interstitial spaces which 
facilitate the diffusion of Na+.[81, 130] It is also demonstrated that doping foreign 
atoms into the crystal lattice of the host structure will increase the electronic 
conductivity to some degree,131-133 thus expediting the motion of the charge 
carriers. 
 
Surface coating or admixing with electronically conductive materials such as 
carbon has also been studied, which is known to enhance the electronic wiring 
among neighbouring particles.85, 134, 135 However, carbon sources and carbon 
contents are the most important influencing factors on the electrochemical 
performances of these materials. In previous works on Na2FePO4F, Kawabe et 
al.85 used ascorbic acid as the carbon source and demonstrated that the 
inclusion of an in-situ carbon source greatly enhances the electrochemical 
performance. The carbon coated Na2FePO4F/C delivered a discharge capacity 
of 109 mAh g−1 at 0.1 C, while the sample prepared without ascorbic acid is 
almost electrochemically inactive under the same experimental condition, 
presumably because of the poor electrical conduction. Cui et al.87 employed a 
mixed carbon source which consists of citric acid and phenolic resin, forming 
a highly graphitised carbon coating. When cycled against lithium, the 
Na2FePO4F/C cathode delivered a discharge capacity of 119 mAh g−1 at a low 
 72 
 
rate of 0.05 C. After 30 cycles at 0.1 C, 91% of the discharge capacity can is 
retained. This enhanced electrochemical performance is due to improved in 
the electrical conductivity, as well as the high sodium chemical diffusion 
coefficient. 
 
Keeping these in mind, this work involves the investigation of carbon coated 
Na2FePO4F/C (NFPF/C) nanocomposite is prepared via a novel solvothermal-
assisted soft template method, with different carbonising agents. The effects of 
different carbon source on the physical structure and electrochemical 
characteristics of NFPF/C nanocomposite are systematically studied and 
compared. Furthermore, the influence of different carbonising agents on the 
electronic conductivity, diffusion coefficient and cell impedance of NFPF/C 
are outlined in detail. 
 
 
5.3. Material Synthesis 
 
Na2FePO4F is synthesised via a novel two-step solvothermal-assisted soft 
template method. In the first soft template step, 1.0 mili mol of cationic 
surfactant, hexadecyltrimethylammonium bromide (CTAB) 
(CH3(CH2)15N(Br)(CH3)3, Sigma-Aldrich, purity 96%) is dissolved in a 
mixture of absolute ethanol and Milli-Q water in the volume ratio of 6:5. The 
solution is stirred for 60 min, to trigger the formation of micelles. This is then 
followed by addition of anhydrous iron (II) acetate (Fe(CH3COO)2, Strem 
Chemicals, 97%), sodium fluoride (NaF, Merck, >99.5%) and ammonium 
dihydrogen phosphate (NH4H2PO4, Alfa Aesar, 98%) in the molar ratio of 
1:2.2:1, respectively. The obtained brown solution is further stirred for another 
24 h at room temperature to homogeneously mix the precursors. The ethanol-
water solvent is removed using a rotary evaporator (Heidolph Hei-VAP 
Precision ML/G3). The obtained precipitate is ground and calcined in a tubular 
furnace (Carbolite Limited, UK) at 550 °C for 6 h under argon atmosphere to 




Carbon coating on the NFPF/C nanocomposite is achieved through the 
solvothermal method. 2.0 mili moles of carbon source obtained from 
respective carbonising agents, namely D−(+)−Glucose monohydrate 
(C6H12O6∙H2O, Alfa Aesar, 99%), sucrose (C12H22O11, Alfa Aesar, 99%), 
L−(+)−Ascorbic acid (C6H8O6, Alfa Aesar, 99+%) and 
D−(+)−Glucono−1,5−lactone (C6H10O6, Alfa Aesar, 99%) is placed in a 
Teflon container with  2 mili moles of the previously synthesised Na2FePO4F. 
20 mL of ethylene glycol (C2H6O2, Alfa Aesar, 99%) is added as a solvent and 
the mixture is sonicated for 10 min to homogeneously mix all the chemicals. 
The container is then placed and tightly sealed in a stainless steel autoclave 
and heated to 220 °C for 6 h in a box furnace (Carbolite Limited, UK). The 
reaction is then allowed to cool to ambient temperature. The black precipitate 
obtained is retrieved, centrifuged and washed several times with ethanol and 
then dried in a vacuum oven (Memmert, Germany) at 70 °C for 6 h. The 
obtained sample is then annealed in a tubular furnace (Carbolite Limited, UK) 
at 700 °C for 4 h under argon atmosphere to graphitise the carbonising agent 
and to increase the crystallinity of the Na2FePO4F/C sample. To appraise the 
effect of using a carbonising agent, a reference sample is prepared following 




5.4. Results and Discussion 
 
5.4.1. Structural and Morphological Analysis 
 
Figure 5.1 depicts the PXRD patterns of the Na2FePO4F/C (NFPF/C) 
nanocomposite synthesised with glucose (NFPF-G), sucrose (NFPF-S), 
ascorbic acid (NFPF-AA), gluconic acid lactone (NFPF-GAL) and the 
reference sample (NFPF). Single-phase formation of Na2FePO4F is confirmed 
from Rietveld refinement. All peaks in the PXRD patterns are indexed to the 
two-dimensional layered structure with the Pbcn space group (Figure 4.2a). It 
can be seen that the fit between the experimental and calculated data is found 
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to be excellent, revealed by the good R-factor values. The lattice parameters of 
these samples are shown in Table 5.1, which are in good agreement with the 
literature.81, 83-85, 88, 97 The antisite disorder concentration of all the samples 
obtained from the Rietveld refinement is presented in Table 5.2. It indicates 
that the antisite disorder concentration in all the synthesised samples is 
comparable, regardless of the carbonising agent used in the process. Therefore, 
unlike the previous chapter, the difference in the electrochemical performance 
(if any) between these samples is not influenced by the antisite disorder 
concentration. 
Table 5.1 Lattice parameters and cell volume obtained from Rietveld refinement of 
Na2FePO4F/C nanocomposite synthesised with different carbonising agents and reference 
sample. 
Sample a (Å) b (Å) c (Å) V (Å3) 
Standard 5.220000 13.85400 11.77920 851.8500 
NFPF-G 5.23238(65) 13.8653(18) 11.7786(15) 854.52(19) 
NFPF-S 5.23036(98) 13.8621(35) 11.7744(62) 853.69(67) 
NFPF-AA 5.23192(63) 13.8660(17) 11.7777(14) 854.42(18) 
NFPF-GAL 5.23280(60) 13.8665(16) 11.7789(14) 854.69(17) 











Figure 5.1 (cont’d.) Rietveld refinement profile of (d) NFPF-GAL and (e) NFPF. 
Table 5.2 Antisite disorder obtained from Rietveld refinement. 







To investigate the effect of the solvothermal step on the antisite disorder, if 





annealing process. As presented in Figure 5.2a, the concentration of antisite 
disorder is estimated to be 0.98(23)%, and the antisite disorder concentration 
without the solvothermal synthesis is 1.41(16)% (from the previous chapter). 
Table 5.3 provides a summary of these findings. It is believe that the 
solvothermal synthesis plays an imperative role in decreasing the antisite 
disorder concentration. High pressure and temperature generated in the 
autoclave during the reaction rearranges the cation occupancies, thus 
inhibiting the antisite formation.136 In other words, the 700 °C annealing step 
only serves as a process to graphitise the carbon and does not play a 
significant role in the antisite disorder formation. 
 
 
Figure 5.2 Rietveld refinement profile of the NFPF-G obtained (a) before and (b) after the 





Table 5.3 Summary of the concentration of antisite disorder as a function of synthesis routes. 
Sample obtained % of antisite disorder 
After soft template, without solvothermal 1.41(16) 
With solvothermal, before 700 °C annealing 0.98(23) 
After 700 °C annealing (NFPF-G) 0.96(21) 
 
ICP elemental analysis is carried out to obtain the elemental composition of 
the NFPF/C samples, and the results are presented in Table 5.4. The obtained 
molar ratio is normalised to the iron content. It is clearly seen that all the 
samples have a Na:Fe:P stoichiometric molar ratio of 2:1:1, corresponding to 
the molecular formula of Na2FePO4F. 
Table 5.4 Elemental (Na, Fe and P) composition in the NFPF/C samples. 
Sample Na content Fe content P content 
NFPF-G 14.3 17.2 9.7 
 2.0 mol 1.0 mol 1.0 mol 
NFPF-S 14.2 16.9 9.6 
 2.0 mol 1.0 mol 1.0 mol 
NFPF-AA 14.6 17.5 9.7 
 2.0 mol 1.0 mol 1.0 mol 
NFPF-GAL 14.4 17.2 9.7 
 2.0 mol 1.0 mol 1.0 mol 
NFPF 16.5 20.0 11.1 
 2.0 mol 1.0 mol 1.0 mol 
 
FESEM images of NFPF/C and NFPF are shown in Figure 5.3. As it is seen, 
the morphology of the NFPF/C nanocomposite (Figure 5.3a-d) clearly shows 
well-isolated grains with a particle size of ~100 nm. The morphology of the 
reference sample (NFPF) in Figure 5.3e appears to be agglomerated; the grain 
boundaries and its particle size could not be clearly determined. Therefore it is 
suggested that the carbonising agent has the ability to control particle growth 




TEM images of NFPF/C and NFPF are presented in Figure 5.4. From the 
TEM images of NFPF/C nanocomposite (Figure 5.4a-d), it is clear that a thin 
film of amorphous carbon coating with thickness varying from 2 to 3 nm is 
present on the nanoparticles. Nanosized particles provide a short diffusion 
path for Na+, whereas the thin carbon coating provides electronic wiring for 
efficient charge collection. On the other hand, the NFPF reference sample 
does not show any clear evidence of carbon coating on its particle (Figure 
5.4e). Hence, the NFPF/C nanocomposite is expected to show better 
electrochemical performance compared to NFPF. 
 
 
Figure 5.3 FESEM images of (a) NFPF-G, (b) NFPF-S, (c) NFPF-AA, (d) NFPF-GAL and (e) 
NFPF samples. 











Figure 5.4 TEM images of (a) NFPF-G, (b) NFPF-S, (c) NFPF-AA, (d) NFPF-GAL and (e) 








Figure 5.5 TGA curves of (a) NFPF-G, (b) NFPF-S and (c) NFPF-AA obtained at a heating 







Figure 5.5 (cont’d) TGA curves of (d) NFPF-GAL and (e) NFPF, obtained at a heating rate 
of 5 °C min−1 from room temperature to 700 °C. 
The carbon content of all the NFPF/C samples is determined by TGA. From 
the thermographs in Figure 5.5, a sharp decline in weight from room 
temperature to around 100 °C is attributed to release of water of 
crystallisation.102, 138 Hence, the carbon content measurement is taken from 
~100 °C onwards. The total carbon content for the NFPF/C synthesised with 
respective carbonising agent is determined to be 10 wt.%. On the other hand, 
the reference sample has a total carbon content of 5 wt.%. This means that the 
soft template synthesis (first step) and the solvothermal reaction (second step) 
each contributes 5 wt.% to the total carbon content of 10 wt.%. The carbon 









Figure 5.6 SEM images with corresponding elemental mapping of carbon for (a, b) NFPF-G, 









Figure 5.6 (cont’d) SEM images with corresponding elemental mapping of carbon for (i, j) 
NFPF. 
The nitrogen-physisorption characteristic for the NFPF/C nanocomposite is 
shown in Figure 5.7. The plots feature a well-defined hysteresis loop, which is 
attributed to a Type-IV isotherm associated with a mesoporous nature.106 BET 
analysis reveals a surface area of 42.2, 39.4, 35.7 and 33.3 m2 g−1 for the 
NFPF-G, NFPF-S, NFPF-AA and NFPF-GAL samples, respectively. The 






Figure 5.7 Nitrogen physisorption isotherms of (a) NFPF-G, (b) NFPF-S and (c) NFPF-AA 







Figure 5.7 (cont’d) Nitrogen physisorption isotherms of (d) NFPF-GAL and (e) NFPF with 
inset showing BJH pore size distribution. 
5.4.2. Cyclic Voltammetry 
 
Half-cells are fabricated to investigate the electrochemical behaviour of the 
synthesised samples. A slow CV scan of 0.05 mV s−1 is conducted to obtain 
position of the anodic and cathodic peaks. From the cyclic voltammograms 
shown in Figure 5.8, all the samples show a first anodic and cathodic peaks 
centred around 2.84 and 2.98 V respectively, which correspond to the activity 
of Fe2+/Fe3+ couple, attributed to the reversible phase transformations of 
Na2FePO4F ⇌ Na1.5FePO4F. The second anodic and cathodic peaks at 2.99 





transformation of Na1.5FePO4F ⇌ NaFePO4F of the Fe2+/Fe3+ couple. These 
results are in good agreement with the galvanostatic charge-discharge cycling, 
which will be discussed later. 
 
 












Furthermore, under similar electrode preparation and measurement conditions, 
the NFPF-G repeatedly shows less voltage polarisation (~137 mV) than any 
other samples (NFPF-S = 156 mV, NFPF-AA = 165 mV, NFPF-GAL = 170 
mV and NFPF = 179 mV), as inferred from the peak positions of the cyclic 
voltammogram in Figure 5.8. This observation indicates an enhanced 
electrochemical kinetics of the NFPF-G sample. In addition, all the NFPF/C 
nanocomposite electrode demonstrates good electrochemical reversibility, as 
there is no significant change in the position of both the anodic and cathodic 
peaks upon cycling (only few cycles are shown for clarity purpose). 
 
5.4.3. Sodium Storage Performance 
 
The galvanostatic charge-discharge cycling profile obtained from the NFPF/C 
half-cells at a slow current rate of 0.1 C is presented in Figure 5.9. It can be 
seen that during the charge process, the voltage profile exhibits two flat 
plateaus averaged at ~3.1 V, before ascending sharply to the upper cut-off 
voltage of 4.0 V. The discharge profile begins from 4.0 V, dropping abruptly 
to two very flat discharge plateaus averaged at ~2.9 V. Such a two-plateau 
observation is characteristic to this compound, which is also discussed in the 
previous chapter. The discharge process ends at a lower cut-off voltage of 2.0 
V, giving a sodium storage capacity of 120 mAh g−1 (theoretical capacity is 
124 mAh g−1) for all the NFPF/C nanocomposites (Figure 5.9a-d). 
 
The reference sample performed poorly (Figure 5.9e) with a low discharge 
capacity of 106 mAh g−1 along with low coulombic efficiency. Even though 
the obtained discharge capacity is about the same for all NFPF/C samples, the 
coulombic efficiency varies significantly. As stated in Figure 5.9a, the NFPF-
G sample displays a relatively high coulombic efficiency of >99%. In addition, 
NFPF-G reveals the lowest voltage polarisation among all the samples, 
suggesting that glucose as a carbonising agent forms a qualitatively better 
carbon coating. The position of the plateaus is in good agreement with the CV 




As stable high rate operation depends mainly on the diffusion of the charge 
carriers, which in this case depends on the electronic conductivity provided by 
the carbon coating, it becomes intuitive to investigate the rate performance of 
all the samples. The rate performance test is conducted at various current rates. 
As shown in Figure 5.10, the NFPF-G sample demonstrates a comparatively 
higher discharge capacity at respective current rates, with very stable cycling 
throughout the rate performance test. Even at high current rates of 10 and 20 C, 
this sample managed to deliver discharge capacity of 66 and 60 mAh g−1, 
respectively. When cycling is reverted to 0.1 C after 20 C, this electrode 
exhibits excellent capacity recovery, regaining 100% of its initial capacity at 
0.1 C. 
 
The rate performance of all the NFPF/C nanocomposites synthesised with 
various carbonising agents shows a decline in discharge capacity in the order 
of NFPF-G > NFPF-S > NFPF-AA > NFPF-GAL. As predicted, the reference 
sample displays very poor rate performance, especially at high current. As 
seen in Figure 5.10, this sample shows almost no sodium storage capacity 
(<10 mAh g−1) after 5 C, and the sample fails to recover its initial discharge 
capacity value at 0.1 C after 20 C. This result suggests that samples with an 
enhanced electronic wiring provided by the use of carbonising agents present a 
better rate performance, which is particularly pronounced at high rates. 
 
On the other hand, even though the NFPF-GAL sample is synthesised with a 
carbonising agent and a carbon coating formation is confirmed by TEM, it 
demonstrates poor rate performance. This peculiar point proves that 
carbonising agent also plays a key role in the “quality” of the carbon coating, 






Figure 5.9 Galvanostatic charge-discharge profile of (a) NFPF-G, (b) NFPF-S and (c) NFPF-
AA cycled at 0.1 C indicating average charge and discharge voltage and voltage polarisation. 







Figure 5.9 (cont’d) Galvanostatic charge-discharge profile of (d) NFPF-GAL and (e) NFPF 
cycled at 0.1 C indicating average charge and discharge voltage and voltage polarisation. DC 






Figure 5.10 Rate performance of NFPF/C nanocomposite synthesised with different 
carbonising agents and reference sample. 
5.4.4. Long-term Cyclability 
 
As presented in the long-term cycling performance in Figure 5.11 of all the 
samples and the summary in Table 5.5, the NFPF-G sample retains more than 
86% of its initial discharge capacity after 600 cycles at 1 C, achieving high 
initial discharge capacity of 94.8 mAh g−1. More importantly, a high average 
coulombic efficiency of 99.4% is obtained throughout the long-term cycling. 
NFPF/C nanocomposite synthesised using sucrose (NFPF-S) and ascorbic acid 
(NFPF-AA) also exhibits decent capacity retention of 76%, with a high 





Figure 5.11 Long-term cycling performance at 1 C of the NFPF/C nanocomposite synthesised 
with different carbonising agents and reference sample. 













NFPF-G 94.8 81.8 86.3 99.4 
NFPF-S 77.6 58.7 75.7 99.1 
NFPF-AA 70.8 53.9 76.1 99.1 
NFPF-GAL 66.3 34.1 51.5 98.9 
NFPF 62.3 7.7 12.4 98.3 
 
Conversely, the reference sample (NFPF) presents very poor capacity 
retention of just 12.4%, and as expected, almost no sodium storage capacity is 
obtained towards the end of the long-term cycling test (600 cycles). This again 
demonstrates the importance of good electronic conductivity on the long-term 
cycling of the electrodes. On the other hand, similar with the rate performance 
test, the NFPF-GAL demonstrates certain outlier behaviour, attaining low 
capacity retention of 51.5%. This again suggests that GAL is not a very 
suitable carbonising agent for the Na2FePO4F compound, which will be 




5.4.5. Conductivity Measurement 
 
The better electrochemical performance obtained for the NFPF/C 
nanocomposite as compared to the reference sample suggests that the former 
sample have an enhanced electronic conducting properties, permitting 
impressive sodium storage performance at high rates. To confirm this 
assumption, impedance measurement is performed on pressed pellets made of 
both the NFPF/C nanocomposites with different carbonising agent, as well as 
the reference sample in the temperature range 25-120 °C using the EIS 
technique. Figure 5.12a-e show the typical Nyquist plots of the impedance 
spectra for all the samples. The obtained experimental data are fitted using the 
equivalent circuit model illustrated in Figure 5.12f, which constitutes a resistor, 
R and a constant phase element, CPE.  
 
The electronic conductivity obtained from the complex impedance plot in 
Figure 5.12a-e is plotted against temperature in an Arrhenius plot illustrated in 






= 0σσ   (5.1) 
 
where σ (cm s−1) is the electronic conductivity obtained at each temperature T 
(K), σ0 (cm s−1) is a pre-exponential factor, Ea (eV) is the activation energy for 
Na+ migration, and k the Boltzmann constant (8.617 × 10−5 eV K−1). As seen 
in Figure 5.13, the Arrhenius model yields a good fit to the experimental data, 
revealing activation energy of 0.17 eV for NFPF-G, 0.24 eV for NFPF-S, 0.27 
eV for NFPF-AA, 0.30 eV for NFPF-GAL and 0.33 eV for NFPF, with the 





Figure 5.12 Nyquist plots of the conductive impedance spectra of (a) NFPF-G, (b) NFPF-S 







Figure 5.12 (cont’d) Nyquist plots of the conductive impedance spectra of (d) NFPF-GAL 










Figure 5.13 Arrhenius plots of electronic conductivity of NFPF/C nanocomposite and 
reference sample, presenting activation energy of respective samples. 
Moreover, the Arrhenius plot yields a very high room temperature electronic 
conductivity value of 6.2 × 10−3 S cm−1 for the same sample (Table 5.6), 
which is close to 8 times higher than NFPF-S. Note that these calculated 
conductivity values are not corrected by pellets’ porosities; hence the values 
are thus underestimated. The electronic conductivity at room temperature 
decreases in the following trend: NFPF-G > NFPF-S > NFPF-AA > NFPF-
GAL > NFPF.  
Table 5.6 Room temperature electronic conductivity for all the NFPF samples. 
Temperature 
(°C) 
Electronic conductivity, σ (S cm−1) 
NFPF-G NFPF-S NFPF-AA 
NFPF-
GAL NFPF 
25 6.2 × 10−3 8.0 × 10−4 2.2 × 10−4 7.5 × 10−5 1.4 × 10−5 
 
The poor room temperature electronic conductivity and high activation energy 
calculated for the NFPF reference sample is expected, and is attributed to the 
absence of a conductive carbon coating which is mandatory for efficient 
charge transfer between the particles. As a result, this explains the poor 
sodium storage behaviour of this NFPF reference sample. This being said, 
however, even though a carbon coating is formed using GAL as a carbonising 
agent, previous discussions have highlighted that the electrochemical 
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performance of the NFPF-GAL is relatively poor. Therefore, the conductivity 
measurement analysis confirms the fact that not all carbon sources could act a 
good carbonising agent. It also reveals that GAL is not a very suitable 
carbonising agent for the Na2FePO4F compound, giving low electronic 
conductivity (σrt = 7.5 × 10−5 S cm−1). 
 
5.4.6. Diffusion Study 
 
EIS is employed as a technique to investigate the internal resistance of a fresh 
electrode. EIS measurement is performed on a fresh three-electrode cell at 
open-circuit voltage (OCV) for all the samples. The obtained experimental 
data as shown in Figure 5.14a are fitted using the equivalent circuit model in 
Figure 5.14b, which constitutes Rs at high frequency, two resistances, R1 and 
R2, constant phase elements, CPE1 and CPE2 at high and medium frequency 
regions, respectively and a Warburg impedance, Zw.  
 
The intercept at the Re(Z) axis in the high frequency range represented by the 
resistance Rs, corresponds to both the electrolyte and contact resistance. The 
high-frequency semicircle represented by resistance R1 is attributed to the Na+ 
transfer resistance through the passivation layer, whereas the medium-
frequency semicircle (R2) refers to the charge transfer resistance for the 
electrons and Na+ across the electrode-electrolyte interface,113, 140 carbon-
particle interface and particle-particle contact.119 The inclined slope observed 
in the low frequency range is attributed to the Warburg impedance, Zw, which 




Figure 5.14 (a) Nyquist plots of the electrochemical impedance spectra of all the samples 
obtained from fresh cell at OCV and (b) equivalent circuit. 
Table 5.7 Impedance parameters obtained using an equivalent circuit model. 
Sample Rs (Ω) R1 (Ω) R2 (Ω) 
NFPF-G 2.28 24.48 30.67 
NFPF-S 2.34 28.24 45.64 
NFPF-AA 2.50 26.81 77.52 
NFPF-GAL 1.94 30.40 101.51 
NFPF 2.49 26.70 135.05 
 
The values presented in Table 5.7 for Rs, R1 and R2 are obtained by fitting the 
experimental data in Figure 5.14a. As can be seen, the value of Rs is about the 
same for all the samples, which is expected since the same electrolyte and 
electrical contacts are used throughout the analysis. Similar trend is observed 
for R1, which means that the different carbonising agent used does not have a 









However, a variation in the values of R2 is predicted since it involves the 
charge transfer resistance at various interfaces. The NFPF-G sample exhibits 
the lowest charge transfer resistance, exemplified by the high electrical 
conductivity. These results explain the excellent electrochemical behaviour of 
the NFPF-G sample, which means that a faster charge transfer occurs at 
various interfaces114 compared to the other samples. In addition, the different 
R2 value obtained for all the NFPF/C nanocomposites again manifest the fact 
that even though carbon coating is formed on the particle, different 
carbonising agent develops carbon coating of different quality. This explains 
the difference in the obtained electronic conductivity, as well as the sodium 
storage properties of the nanocomposite. When no carbonising agent is used, 
the NFPF reference sample gives the highest charge transfer resistance. This 
observation is apparent since the absence of a carbon coating weakens charge 
transfer at various interface of the material. 
 
In the literature, both the lithium or sodium chemical diffusion coefficient of 
the intercalation-deintercalation compounds is determined using the EIS 
technique.121-123 The respective sodium chemical diffusion coefficient of all 







TRDNa =  (5.2) 
 
Herein, DNa is the sodium chemical diffusion coefficient (cm2 s−1), R is the 
ideal gas constant (8.314 J mol−1 K−1), T is the ambient temperature in 
absolute term (303.15 K), A is the contact area of the electrode (0.95 cm2), n is 
the number of electrons per molecule during oxidisation, F is the Faraday 
constant (96,486 C mol−1), C is the concentration of Na+ (3.80 × 10−3 mol 





Figure 5.15 Linear fittings between Zre and ω−1/2 in the low frequency region for all the 
samples. 
The Warburg coefficient, σ, is associated with Zre based on the 
following equation:127 
 
 21−++= σωctsre RRZ  (5.3) 
 
where ω is the angular frequency (rad s−1). From Equation (5.3), the Warburg 
coefficient, σ, can be determined from the gradient of the Zre vs. ω−1/2 plot. 
Figure 5.15 shows the linear relationship between Zre and the reciprocal square 
root of the angular frequency, ω−1/2 at low frequency region. Equation (5.2) is 
used to calculate the sodium chemical diffusion coefficient for all the samples 
and the values are tabulated in Table 5.8. The diffusion coefficient in systems 
involving a two-phase reaction mechanism cannot be defined; therefore, the 
calculated sodium chemical diffusion coefficient is an apparent value. It is 
interesting to note that the calculated diffusion coefficient for the NFPF-G 
sample is the highest amongst all the samples analysed, showing 4.6 times 
higher than NFPF-S. The sodium chemical diffusion coefficient decreases in 
the following trend: NFPF-G > NFPF-S > NFPF-AA > NFPF-GAL > NFPF, 
which is consistent with the trend observed for the electronic conductivity. 
The calculated sodium diffusion coefficient for the NFPF reference sample is 
close to three orders of magnitude lower than the NFPF-G sample. 
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Table 5.8 Warburg coefficient and calculated sodium chemical diffusion coefficient. 
Sample Warburg coefficient, σ (Ω s−1/2) DNa (cm2 s−1) 
NFPF-G 40.5 1.71 × 10−12 
NFPF-S 86.7 3.74 × 10−13 
NFPF-AA 120.7 1.93 × 10−13 
NFPF-GAL 143.4 1.37 × 10−13 
NFPF 207.2 6.55 × 10−14 
 
Unlike the previous chapter, where it is concluded that the difference in 
sodium chemical diffusion coefficient is influenced by antisite disorder 
concentration, in this case, however, the antisite disorder concentration 
obtained from Rietveld refinement is almost the same for all the samples 
(Table 5.2). Therefore, it is believed that the difference in the calculated 
diffusion coefficient in Table 5.8 is due to both the electronic conductivity, as 
well as the charge transfer resistance. Both these values are ultimately 
influenced by the quality of the carbon coating formed with different carbon 
source. The relatively high electronic conductivity, coupled with low charge 
transfer resistance result in a more favourable electron and Na+ transport 
across different interfaces. This promotes a more kinetically facile diffusion 
property, demonstrating an enhanced sodium storage performance in the 
NFPF/C nanocomposite. 
 
5.4.7. Effect of Annealing Temperature 
 
In Section 5.4.1, it is proven that the 700 °C annealing step only serves as a 
process to graphitise the carbon and does not play a significant role in the 
antisite disorder formation. This section investigates the influence of annealing 
temperature on electronic conductivity, the sodium chemical diffusion 
coefficient and ultimately the sodium storage performance. Pure Na2FePO4F is 
obtained following the solvothermal-assisted soft template route as described 
in the material synthesis section, using glucose as the carbonising agent. 
Annealing is done in a tubular furnace at a much lower temperature of 400 °C 
for 4 h under argon atmosphere to evaluate the effect of graphitisation of the 
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carbon. Both the annealed samples at 400 °C (NFPF-G400) and 700 °C 
(NFPF-G700) are systematically compared. 
 
 
Figure 5.16 Rietveld refinement profile of (a) NFPF-G400 and (b) NFPF-G700 showing 
antisite disorder concentration. 
Rietveld refinement depicted in Figure 5.16 of the NFPF-G400 and NFPF-
G700 confirm single-phase formation of Na2FePO4F with no impurities, 
showing excellent R-factor values. The antisite disorder concentration of 
0.97(26)% and 0.96(21)% is obtained for NFPF-G400 and NFPF-G700, 







Figure 5.17 (a) Galvanostatic charge-discharge profile cycled at 0.1 C. (b) Rate performance 
of NFPF-G400 and NFPF-G700 samples. 
Figure 5.17a shows the galvanostatic charge-discharge profile cycled at 0.1 C. 
Compared to the NFPF-G700 sample, the NFPF-G400 sample delivers a lower 
discharge capacity of 115 mAh g−1 with an average coulombic efficiency of 
92.0%. The rate performance test reveals that the NFPF-G700 outperforms the 
NFPF-G400 at all current rates. At high rates of >10 C, the NFPF-G400 
sample exhibits almost no storage capacity (Figure 5.17b). These results 
suggest that the annealing temperature affects the electrochemical properties 







Figure 5.18 Arrhenius plot of electronic conductivity of NFPF-G400 and NFPF-G700, 
showing activation energy of respective samples. 
Impedance studies conducted on these two samples provided electronic 
conductivity data over the temperature range 25-120 °C. The experimental 
electronic conductivity data fitted with the Arrhenius equation in Equation 
(5.1) results in a good linear fit as shown in Figure 5.18, revealing higher 
activation energy of 0.29 eV is obtained for the NFPF-G400 sample. In terms 
of room temperature electronic conductivity, the NFPF-G700 sample is 52 
times higher than the NFPF-G400 sample.  
 
The three-electrode electrochemical cells formed using NFPF-G400 and 
NFPF-G700 have been subjected to impedance studies. The Nyquist plot of 
the NFPF-G400 sample in Figure 5.19a presents a larger semicircle, as 
compared to the NFPF-G700, which means that the internal resistance of the 
cell with NFPF-G400 is much higher. Interestingly, the calculated sodium 
chemical diffusion coefficient for the NFPF-G700 sample is one order of 
magnitude higher than the NFPF-G400 sample (Table 5.9). With this finding, 
together with the different electronic conductivity obtained, it is proposed that 
annealing at 400 °C is insufficient to graphitise the carbonising agent, which 
hinders the formation of a high conductivity carbon coating, while 700 °C is a 
more favourable temperature for introducing graphitisation of the carbon.141 




Figure 5.19 (a) Nyquist plots of the electrochemical impedance spectra obtained from fresh 
cell at OCV. (b) Linear fittings between Zre and ω−1/2 in the low frequency region of the 
NFPF-G400 and NFPF-G700 samples. 
Table 5.9 Warburg coefficient and calculated sodium chemical diffusion coefficient of the 
NFPF-G400 and NFPF-G700 samples. 
Sample Warburg coefficient, σ (Ω s−1/2) DNa (cm
2 s−1) 
NFPF-G400 130.6 1.65 × 10−13 








5.5. Chapter Summary 
 
In summary, pure Na2FePO4F is synthesised via a novel solvothermal-assisted 
soft template method. The effects of different carbonising agents, namely 
glucose, sucrose, ascorbic acid and GAL on the physical structure and 
electrochemical properties of the synthesised Na2FePO4F/C nanocomposite 
are systematically studied and compared. Briefly, the sample synthesised with 
glucose as the carbon source presents better electrochemical properties, both 
in terms of high rate performance (66 mAh g−1 at 10 C) and long-term cycling 
(86% capacity retained after 600 cycles at 1 C). This is because of the high 
room temperature electronic conductivity (σe in the order of 10−3) exhibited by 
this sample. Besides that, the cell impedance obtained shows a much lower 
charge transfer resistance, resulting in an enhanced sodium chemical diffusion 
coefficient. It is also suggested that the difference in the electrochemical 
performance between the synthesised samples is not influenced by the antisite 
disorder. Comparing to the results obtained in the previous chapter, the rate 
performance and long-term cycling stability indicate significant improvement. 
While this compound meets the requirement of being safe and low cost, the 
energy density is still relatively low due to low operating voltage and less 
capacity. The following chapter will address this issue. 
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CHAPTER 6  NaVPO4F with High Cycling Stability as a Promising 







NaVPO4F with High Cycling 



















6.1. Preface to Chapter 6 
 
Encouraged by the motivation to find a potential cathode material which not 
only exhibits high voltage and capacity, but also excellent cycling stability and 
high rate performance, this chapter presents the study on NaVPO4F. It is 
interesting to mention that this soft-template synthesised material 
demonstrates superior electrochemical properties not reported elsewhere for 
this compound. Numerous characterisation techniques are employed to study 
the performance of this material, which is correlated with the high sodium 
chemical diffusion coefficient obtained using GITT. Finally, a cost analysis 





Out of all possible polyanion compounds, the fluorophosphate-based 
compounds have been identified as a promising candidate owing to its strong 
P-O bond which enhances structural stability.20 Besides, the introduction of 
fluorine into the anion sub-lattice enhances the operating voltage of the 
compound, due to the strong inductive effect of the fluorine atom.142 In 
particular, NaVPO4F has received good attention due to the relatively high 
redox potential of V3+/V4+, as well as the high theoretical specific capacity of 
143 mAh g−1. 
 
NaVPO4F crystallises in two crystal structures, namely tetragonal (space 
group I4/mmm)143, 144 and monoclinic (space group C2/c)130, 134, 144. The lattice 
parameters of both the crystal cells are tabulated in Table 6.1. 
Table 6.1 Lattice parameters of tetragonal and monoclinic NaVPO4F. 
Space group a (Å) b (Å) c (Å) α (°) β (°) γ (°) 
Tetragonal 6.38 6.38 10.72 90 90 102.31 
Monoclinic 12.73 6.37 8.97 90 90 90 
 
Most literatures synthesised NaVPO4F using a two-step approach,130, 134, 143 by 
employing VPO4 as a reaction intermediate. In addition, the discharge capacity 
and the cycling stability reported by previous literatures130, 134, 143, 144 are on a 
relatively low side, resulting in a low energy density. Encouraged by these 
motivations, this study reveals a one-step synthesis of NaVPO4F which 
displays enhanced sodium storage performance and long-term cycling stability 
with unique properties not previously reported. At moderate current rate of 1 
C, it displays high discharge capacity of 121 mAh g−1, and manages to retain 
83% of its initial capacity after 2,500 cycles. At high current rate of 20 C, this 
material is able to retain 77% of its initial discharge capacity of 78 mAh g−1 





6.3. Material Synthesis 
 
Nanostructured pure NaVPO4F is synthesised via a one-step soft template 
method. Typically, 1.0 mili mol of cationic surfactant, 
hexadecyltrimethylammonium bromide (CTAB) (CH3(CH2)15N(Br)(CH3)3; 
Sigma-Aldrich; purity 96%) is dissolved in a mixture of absolute ethanol and 
Milli-Q water in the volume ratio of 12:1. The solution is stirred for 90 
minutes to trigger the formation of micelles. This is then followed by the 
addition of sodium fluoride (NaF; Merck; >99.5%), oxalic acid dihydrate 
(C2H2O4∙2H2O; Alfa Aesar; 98%), and vanadium precursor vanadium (III) 
oxide (V2O3; Alfa Aesar; 95%) or vanadium (V) oxide (V2O5; Alfa Aesar; 
99.6%) in the molar ratio of 1.2:1.25:0.5, respectively. The addition of oxalic 
acid acts as a reducing agent, which reduces V5+ to V3+. The solution is stirred 
for 30 minutes. Ammonium dihydrogen phosphate (NH4H2PO4; Alfa Aesar; 
98%) is then added into the solution, in the molar ratio of NH4H2PO4:V2O3 (or 
V2O5) of 2:1. The obtained solution is further stirred for another 24 h at room 
temperature to fully mix all the precursors. The ethanol-water solvent is 
removed a rotary evaporator (Heidolph Hei-VAP Precision ML/G3). The 
obtained green precipitate is ground, before calcination is made in a tubular 
furnace (Carbolite Limited, UK) at 800 °C for 6 h under argon atmosphere. 
 
 
6.4. Results and Discussion 
 
6.4.1. Structural and Morphological Analysis 
 
Figure 6.1a and Figure 6.1b illustrate the PXRD patterns of the as-synthesised 
NaVPO4F using V2O3 (hereafter referred to as V3-NVPF) and V2O5 (hereafter 
referred to as V5-NVPF), which clearly shows single-phase formation of 
NaVPO4F with no impurity. The Rietveld refinement result indicates that the 
synthesised samples have a monoclinic crystal structure with space group C2/c, 
with good reliability factor values. The lattice parameters obtained for both the 
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samples are also shown in Figure 6.1. The results are in good agreement with 
the literature.130, 144 
 
To prove that the phase of the prepared samples is indeed NaVPO4F, and not 
the NASICON-type Na3V2(PO4)3, refinement of the experimental PXRD data 
with the crystal structure of the NASICON-type Na3V2(PO4)3 (with space 
group R-3c) is performed (Figure 6.2). From the refinement, it is obvious that 
there is a clear mismatch between the experimental and calculated PXRD 
patterns, resulting in a poor reliability factor values. 
 
To further confirm this observation, ICP elemental analysis is carried out to 
obtain the elemental composition in V3-NVPF and V5-NVPF samples, and 
the results are presented in Table 6.2. The obtained molar ratio is normalised 
to the vanadium content. It is clearly seen that both the samples have a Na:V:P 
stoichiometric molar ratio of 1:1:1 (and not 3:2:3), corresponding to the 
molecular formula of NaVPO4F. 
 
Morphology of the synthesised sample is characterised by FESEM. Figure 6.3 
shows the FESEM image of the NVPF sample: (a) V3-NVPF and (b) V5-
NVPF. As shown in Figure 6.3a, the particle size falls in the range 300-400 
nm. In sharp contrast, Figure 6.3b reveals a noticeably smaller crystallite size 
close to 200 nm. The EDS spectra of both the samples presented in Figure 6.4 
show the characteristic peaks of sodium (Kα = 1.04 keV), vanadium (Kα = 4.95 
keV, Lα = 0.51 keV), phosphorus (Kα = 2.01 keV), oxygen (Kα = 0.53 keV), 
fluorine (Kα = 0.68 keV) and carbon (Kα = 0.28 keV). The peaks at 2.05 and 
9.44 keV are due to Lα and M lines of the platinum coating deposited prior to 





Figure 6.1 PXRD pattern and lattice parameters of (a) V3-NVPF and (b) V5-NVPF. 
(a)
a = 12.7400(12) Å
b = 6.37398(65) Å
c = 8.9732(11) Å
β = 102.300° (11)
(b)
a = 12.7400(20) Å
b = 6.37726(72) Å
c = 8.9800(10) Å




Figure 6.2 PXRD pattern of (a) V3-NVPF and (b) V5-NVPF refined with the NASICON-type 
Na3V2(PO4)3 crystal structure, giving poor reliability factor values with huge mismatch 
between the experimental and calculated patterns. 
Table 6.2 Elemental (Na, V and P) composition in the V3-NVPF and V5-NVPF samples. 
Sample Na content V content P content 
V3-NVPF 11.5 wt% 25.5 wt% 15.5 wt% 
 1.0 mol 1.0 mol 1.0 mol 
V5-NVPF 11.5 wt% 25.5 wt% 15.5 wt% 














Figure 6.4 EDS spectrum of (a) V3-NVPF and (b) V5-NVPF samples. Signals of platinum 
are attributed to the thin coating. 
The carbon content of the NVPF samples is determined by TGA. From the 
thermographs in Figure 6.5, a sharp decline in weight from room temperature 
to around 100 °C is attributed to release of water of crystallisation.102, 138 
Hence, the carbon content measurement is taken from ~100 °C onwards. The 
total carbon content for both the NVPF samples is determined to be 5 wt.%. 
The carbon distribution obtained from EDS elemental mapping is presented in 
Figure 6.6 for both the samples, which shows uniform carbon distribution 







Figure 6.5 TGA curves of (a) V3-NVPF and (b) V5-NVPF obtained at a heating rate of 5 °C 






Figure 6.6 SEM image with corresponding elemental mapping of carbon for (a, b) V3-NVPF 
and (c, d) V5-NVPF. 
The nitrogen-physisorption characteristic for the NVPF samples is shown in 
Figure 6.7. The plots feature a well-defined hysteresis loop, which is attributed 
to a Type-IV isotherm associated with a mesoporous nature.106 BET analysis 
reveals a surface area of 11.7 m2 g−1 for the V3-NVPF sample (Figure 6.7a). 
The BET surface area slightly increases to 13.7 m2 g−1 for the V5-NVPF 
sample (Figure 6.7b). Both samples have very similar pore size distribution 
between 2-5 nm (inset to Figure 6.7). However, the pore volume of the V5-
NVPF sample is slightly higher, which means that this sample presents more 







Figure 6.7 Nitrogen physisorption isotherms of (a) V3-NVPF and (b) V5-NVPF with inset 
showing BJH pore size distribution. 
XPS studies are carried out to examine the oxidation state of vanadium in both 
the as-synthesised NVPF samples. As shown in Figure 6.8a for the V3-NVPF, 
the XPS spectra confirms slight presence of stable V5+. However, since XPS is 
a surface analysis, the V5+ species might only be present on the surface of the 
sample and not in the bulk. To compensate for this additional charge, sodium 
might be slightly deficient on the surface of the V3-NVPF sample. This 
observation is rather intriguing as the vanadium precursor used during 
synthesis has a +3 oxidation state. Contrastively enough, there is no stable V5+ 





precursor, as can be seen in Figure 6.8b. It is believed that oxalic acid added 
during the synthesis promotes the reduction of V5+ in the V2O5 precursor to 
V3+, whereas this purpose is not evident when V2O3 precursor is used.  
 
 
Figure 6.8 XPS spectra of (a) V3-NVPF and (b) V5-NVPF. 
6.4.2. Cyclic Voltammetry 
 
To investigate the electrochemical behaviour of NVPF, two-electrode half-
cells are fabricated using sodium metal as the counter electrode. A slow CV 
scan of 0.05 mV s−1 is conducted to obtain the position of the anodic and 





anodic and cathodic peaks are located at ~3.3 V and ~3.4 V, respectively, 
which correspond to the activity of V3+/V4+ redox couple, attributed to the 
reversible phase transformation of NaVPO4F ⇌ VPO4F. These results are in 
good agreement with the galvanostatic charge-discharge cycling, which will 
be discussed later. 
 
 
Figure 6.9 Cyclic voltammogram of (a) V3-NVPF and (b) V5-NVPF. 
Under similar measurement conditions, the V5-NVPF electrode (Figure 6.9b) 
shows less voltage polarisation (~90.0 mV) than the V3-NVPF (Figure 6.9a) 
(~198 mV), which signifies an enhanced electrochemical kinetics of the V5-





both the anodic and cathodic peaks after the 10th cycle (only 1st and 10th cycles 
are shown for clarity purpose). 
 
6.4.3. Sodium Storage Performance 
 
The galvanostatic charge-discharge cycling profile obtained from the NVPF 
half-cell at a slow current rate of 0.1 C is presented in Figure 6.10. It can be 
seen that during the charge process, the voltage profile exhibits a flat charge 
plateau at ~3.4 V, before ascending sharply to the upper cut-off voltage of 4.2 
V. The discharge profile begins from 4.2 V, dropping abruptly to a very flat 
discharge plateau at ~3.3 V. The discharge process ends at a lower cut-off 
voltage of 2.0 V, giving a sodium storage capacity of 133 mAh g−1 (theoretical 
capacity is 143 mAh g−1) for the V5-NVPF sample (Figure 6.10b), and 124 
mAh g−1 for the V3-NVPF (Figure 6.10a). It can be clearly seen in Figure 
6.10a that the V3-NVPF sample displays a relatively low coulombic efficiency, 
even up to the 10th cycle, whereas the V5-NVPF sample demonstrates a 
coulombic efficiency of >98%. Upon cycling up to 10 cycles, the position of 
the charge and discharge plateaus, as well as the observed cycling profile in 
Figure 6.10b remained unchanged, demonstrating good cycling reversibility. 
The V5-NVPF electrode exhibits higher capacity retention after 10 cycles 
compared to V3-NVPF (99.2% vs. 96.0%) with smaller voltage polarisation 
(74.3 mV vs. 163.8 mV). 
 
To further interpret the cycling behaviour of the synthesised materials, a rate 
performance is tested at various current rates. As shown in Figure 6.11a, the 
V5-NVPF sample demonstrates relatively high and stable discharge capacities 
at different current rates. At these rates, the achieved capacity of this material 
is found to be relatively higher compared to the reported literature on 
NaVPO4F,130, 134, 143, 144 as well as other reported cathode materials (Figure 
6.11b).129, 135, 145-150  After the test at 20 C, the cell is further cycled at a slow 
rate of 0.1 C. The electrode exhibits excellent capacity recovery, regaining 
almost 100% of its initial capacity at 0.1 C. Although the V3-NVPF sample 
also exhibits minimal fading at respective current rates, the obtained discharge 




Figure 6.10 Galvanostatic charge-discharge profile of (a) V3-NVPF and (b) V5-NVPF cycled 







Figure 6.11 (a) Rate performance of the NaVPO4F samples synthesised by different 
precursors. (b) Rate performance of the V5-NVPF at different current rates in comparison 
with selected sodium hosts (Na2FePO4F129, Na2MnPO4F145, Na3V2(PO4)2F3135, NaFeO2146, 
Na2/3CoO2146, Na4Fe(CN)6147, NaxMnFe(CN)6148, Na2FeP2O7149 and Na2Fe2(SO4)3150). 
6.4.4. Cyclability Studies 
 
To address the poor cycling stability reported by previous literatures,130, 134, 143, 
144 a long-term cycling test is performed on both the synthesised materials 
using a three-electrode setup. As presented in Figure 6.12a, the V3-NVPF 
sample demonstrates a reasonably decent capacity retention of 52.3% after 
2,500 cycles, with an average coulombic efficiency of 98.1%. The V5-NVPF 
sample in Figure 6.12b retained more than 82% of its initial discharge capacity 
(b)
(a)


































after a remarkable 2,500 cycles at 1 C, achieving a high average coulombic 
efficiency of 99.4% throughout. In addition to its good rate performance, the 
V5-NVPF sample also displays very durable long-term performance. When 
the sample is cycled at even higher current rates of 10 C (Figure 6.13b) and 20 
C (Figure 6.14b), more than 75% of its initial discharge capacity is retained 
after an impressive 10,000 cycles, with a very high average coulombic 
efficiency (Table 6.3). The long-term cycling performance at 10 C and 20 C 
rates for the V3-NVPF sample (Figure 6.13a and Figure 6.14a, respectively) 
are also included for comparison. 
 
 














Figure 6.14 Long-term cycling and coulombic efficiency at 20 C rate for (a) V3-NVPF and (b) 
V5-NVPF. 
In order to further understand the difference in durability of both the 
synthesised samples, EIS measurements are carried out using a three-electrode 
setup throughout the 2,500 cycles. All measurements are performed at a fully 
discharged and relaxed state, when the open-circuit potential of the working 







Table 6.3 Capacity retention and average coulombic efficiency after long-term cycling at 1 C, 
10 C and 20 C for the NaVPO4F samples synthesised using different precursors. 
V3-NVPF 











1 C after 2,500 cycles 108.8 57.3 52.3 98.1 
10 C after 10,000 cycles 71.9 42.1 59.7 99.1 
20 C after 10,000 cycles 67.6 38.5 57.4 99.3 
V5-NVPF 
1 C after 2,500 cycles 121.0 99.5 82.5 99.4 
10 C after 10,000 cycles 83.2 66.9 80.4 99.4 
20 C after 10,000 cycles 78.0 58.8 75.4 99.6 
 
The Nyquist plots of the WEs of V3-NVPF and V5-NVPF samples at different 
charge-discharge cycles are shown in Figure 6.15a and Figure 6.15b, 
respectively. All the Nyquist plots mainly constitute two semicircles at the 
high and middle frequency regions, and an inclined slope is observed in the 
low frequency region. The obtained experimental data are fitted using the 
equivalent circuit model shown in Figure 6.15c, which constitutes Rs at high 
frequency, two resistances, R1 and R2 along with constant phase elements, 
CPE1 and CPE2 at high and medium frequency regions, respectively, and a 
Warburg impedance, Zw. While the intercept at the Zre axis in the high 
frequency range (Rs) corresponds to the electrolyte resistance, the high-
frequency semicircle (R1) is attributed to the Na+ transfer resistance through 
the passivation film, whereas the medium-frequency semicircle (R2) refers to 
the charge transfer resistance for the electrons and Na+ [113, 118] across the 
electrode-electrolyte interface, carbon-particle interface and particle-particle 
contact119. The inclined slope observed in the low frequency range is attributed 
to the Warburg impedance, Zw, which corresponds to sodium chemical 
diffusion (ambipolar diffusion which comprises of motion of Na+ along with 





Figure 6.15 Nyquist plots of the electrochemical impedance spectra of the (a) V3-NVPF and 











Figure 6.16 Plot of the resistance Rs, R1 and R2 as a function of number of cycles for the (a) 
V3-NVPF and (b) V5-NVPF samples. 
By fitting the experimental data, the values of Rs, R1 and R2 at different 
charge-discharge cycles are obtained. Figure 6.16 depicts the variation of these 
resistance values as a function of number of cycles. As can be seen for both 
the samples, the value of Rs is about the same, and it remains almost constant 
throughout the 2,500 cycle. However, unlike Rs, the values of R1 and R2 
displayed more fluctuations during the cyclability test. For the V5-NVPF 
sample shown in Figure 6.16b, an increase in the passivation film resistance, 
R1 is observed for the first 500 cycles, and then it slowly stabilises until the 
end of the cyclability test. This increase in R1 during the first 500 cycles is 





(Figure 6.16a), both the R1 and R2 values are relatively high, and exhibit an 
increasing trend throughout the 2,500 cycles, which explains the relatively 
lower capacity retention and average coulombic efficiency achieved. 
Table 6.4 Changes in internal resistance before and after 2,500 cycles for V3-NVPF and V5-
NVPF samples. 
V3-NVPF 
Resistance Pristine (Ω) After 2,500 cycles 
(Ω) 
Difference per cycle 
R1 38.5 237.9 +0.2% 
R2 58.9 163.8 +0.07% 
V5-NVPF 
R1 17.8 21.5 +0.008% 
R2 28.8 27.5 −0.002% 
 
As can be seen from Table 6.4 for the V5-NVPF sample, the R1 value of the 
pristine cell is 17.8 Ω, and this value increased to 21.5 Ω after 2,500 cycles. 
The R2 value of the pristine cell is 28.8 Ω, and it decreased to 27.5 Ω. The 
slight changes in the charge transfer resistances over 2,500 cycles, as 
compared to the V3-NVPF sample, might very well explain the long-term 
durable performance of the V5-NVPF sample. 
 
Figure 6.17 represents the FESEM images of the electrode surface of both the 
V3-NVPF and V5-NVPF samples taken after 2,500 cycles. The electrode is 
obtained by carefully opening the three-electrode setup inside the glove box 
after the completion of the cyclability test. It is then washed with PC solution, 
before drying at 110 °C for 6 h in a vacuum oven. Prior to the FESEM 
observation, the electrode is sputtered with a thin platinum coating to increase 
surface conductivity. The inset to the figures show surface of fresh electrode 





Figure 6.17 FESEM images of (a) V3-NVPF and (b) V5-NVPF electrode surface after 2,500 
cycles. Inset showing the fresh electrode surface. 
From Figure 6.17a, the V3-NVPF electrode surface clearly shows the 
formation of micro-cracks which results in physical and electrical 
disconnection between the particles. In sharp contrast, the V5-NVPF sample 
displays no visible micro-cracks on its electrode surface after 2,500 cycles 
(Figure 6.17b), which explains the high capacity retention obtained, and also 
the stable R2 resistance value. The particle disconnectivity of the V3-NVPF 
sample presents a physical justification on why the charge transfer resistance 
is relatively high, and exhibits an increasing trend throughout the 2,500 cycles. 
Besides that, a huge volumetric change in the lattice during electrochemical 





electrode surface.151 The development of cracks is identified as a possible 
mechanism for capacity fade and impedance growth in intercalation 
compounds,152, 153 which is confirmed in earlier discussion. 
 
6.4.5. GITT Studies and Sodium Chemical Diffusion Coefficient 
Calculation 
 
GITT is first proposed by Weppner et al. to analyse the diffusion of ions in 
solid phases.154 Recently, this technique has been established as an effective 
and reliable method to calculate the lithium or sodium chemical diffusion 
coefficient of the intercalation-deintercalation compounds.121-123 In this study, 
GITT measurement is performed on the V5-NVPF sample to determine its 
sodium chemical diffusion coefficient as a function of voltage throughout the 
entire charge-discharge cycle.  
 
Figure 6.18a shows the full voltage profile during GITT experiment cycled in 
the voltage range 2.0-4.2 V. The cell is first charged from OCV at a τ = 5 min 
current pulse of 1 C, followed by a relaxation time of 40 min to allow the 
system to reach electrochemical equilibrium. This operation is repeated until 
the end of the voltage window. Figure 6.18b describes a single titration profile 
of the 9th charge cycle at 3.37 V, with schematic labelling of different 
parameters. Es refers to the steady-state potential after a 40-min relaxation 
period, while Eτ denotes the cell potential after a 5-min current pulse. 
 
The chemical diffusion coefficient can be determined by solving Fick’s second 
law of diffusion. After considering numerous assumptions and simplifications, 























































Figure 6.18 (a) Voltage profile during GITT. (b) GITT curve before, during and after the 1 C 
current pulse with schematic labelling of different parameters. 
Herein, DNa is the sodium chemical diffusion coefficient (cm2 s−1), mB is the 
mass loading (g), VM is the molar volume (cm3 mol−1), MB is the molecular 
weight (g mol−1), A is the contact area of the electrode (cm2), and τ is the time 
when the current pulse is applied (s). When the variation of the cell voltage 
during titration is found to exhibit a linear relationship with τ1/2, Equation 6.1 































where ΔEs is the voltage difference between the steady-state potentials before 
and after the current pulse is applied and ΔEτ refers to the voltage difference 




Figure 6.19 Linear relationship between cell voltage and τ1/2 for the V5-NVPF sample. 
Since the cell voltage and τ1/2 exhibits a linear relationship, with an R2 value of 
0.9980 as shown in Figure 6.19, Equation 6.2 can be employed to determine 
the sodium chemical diffusion coefficient. However, as discussed previously, 
the calculated sodium chemical diffusion coefficients represent an apparent 
value. Figure 6.20 depicts the change in the sodium chemical diffusion 
coefficient with respect to the cell voltage. For the charge process, the sodium 
chemical diffusion coefficient values range from 4.6 × 10−8 to 2.8 × 10−12 cm2 
s−1. For the discharge process, the sodium chemical diffusion coefficient 





Figure 6.20 The sodium chemical diffusion coefficients calculated from the GITT curves as a 
function of cell voltage during the charge and discharge processes. 
These values obtained are significantly higher than the sodium chemical 
diffusion coefficient for Na3V2(PO4)3 (around 10−12 to 10−15)121 and 
Na4Mn9O18 (around 10−15 to 10−16)155 determined using the same method, 
suggesting the potential for fast-rate operation. A single minimum can be 
observed for both the charge and discharge process, located around 3.39 V and 
3.35 V, respectively, where the values are in good agreement with the CV 
(Figure 6.9) and charge-discharge cycling plots (Figure 6.10b). A typical 
minimum in the chemical diffusion coefficient is frequently observed in 
cathode materials, which is a characteristic of a two-phase transition 
mechanism as reported for Na3V2(PO4)3, Li3V2(PO4)3 and LiFePO4.121-123 This 
observation arises as a result of the strong attractive interactions between the 
intercalation species and the host matrix.123, 156 
 
6.4.6. Redox Reaction of the V3+/V4+ during Cycling 
 
Ex-situ XPS analysis is performed to investigate the transition of the V3+/V4+ 
redox couple during the course of cycling for the V5-NVPF sample. The phase 
transformation of NaVPO4F→VPO4F is expected during charge and back 
transformation VPO4F→NaVPO4F during discharge, which is supplemented 
by the oxidation of vanadium from +3 to +4, and reduction from +4 to +3, 
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respectively. The oxidation state of vanadium is probed by utilising XPS 
obtained on electrode at different SoC and DoD. 
 
 
Figure 6.21 Ex-situ XPS spectra of V3+/V4+ redox couple obtained on electrode (a) fresh, 20%, 
40% and 50% SoC and (b) 60%, 80% and 100% SoC and 100% DoD. 
From Figure 6.21, it is found that the fresh electrode has binding energy (BE) 
peaks located at 515.5 and 522.8 eV. These peaks correspond to the BE of V3+ 
2p3/2 and V3+ 2p1/2, respectively.157-159 There is no V4+ or V5+ species detected. 
At a 20% SoC, small satellite peaks are identified at 516.6 and 523.9 eV, 
which belong to V4+ 2p3/2 and V4+ 2p1/2, respectively. Upon the continuation of 
charge, these V4+ peaks are seen to increase in intensity, until a 50% SoC, 
where the V3+ and V4+ peaks are of similar intensity (Figure 6.21a). As charge 
progresses further (Figure 6.21b), the V4+ peaks is seen to surpass the V3+ 
peaks in intensity until a 100% SoC, where all V3+ peaks have subsided and 
only V4+ species are present. Upon a 100% DoD, all V4+ species are fully 




mechanism involves 1 mol of Na+, which accounts for the high discharge 




6.4.7. Studies on the Voltage Step Phenomena 
 
Based on a new phenomenon communicated by our group,113 the types of 
solvent used in the electrolyte plays a very peculiar role in the electrochemical 
activity of a Na-ion half-cell, notably on the sodium counter electrode (CE). 
This unusual characteristic leads to the formation of a voltage step observed 
especially at moderate to high current rates on those materials which exhibits 
two phase storage mechanism as noted in Figure 6.22. Intriguingly though, 
this voltage step is only present when the electrolyte used is in an EC:PC 
solvent, and its presence is suppressed when only a PC solvent is used.  
 
Therefore, to study this phenomenon on the NVPF sample, two different 
three-electrode cells are constructed, one using a 1 M NaClO4 electrolyte in 
EC:PC, and another one using only PC, with V5-NVPF as the WE. EIS 
measurements are performed at different SoC and DoD, cycled at a 5 C rate. 
 
 
Figure 6.22 Galvanostatic charge-discharge profiles of the V5-NVPF sample cycled at 




Figure 6.23 (a) Three-electrode galvanostatic cycling at 5 C using NaClO4 in EC:PC. The 
points on the cycling plot denotes where the EIS measurement is taken. Resultant Nyquist 







Figure 6.24 Nyquist plots of the V5-NVPF WE electrode in NaClO4 in EC:PC for the (a) 
charge and (b) discharge cycle. 
Figure 6.23a illustrates the galvanostatic charge-discharge cycling profile in 
EC:PC solvent, with points showing different SoC and SoD where the EIS 
measurements are taken. As depicted in Figure 6.23b, the charge process from 
C1 to C5 is accompanied by decrease in the size of the semicircle in the high 
frequency region, which directly indicates a reduction in the resistance of the 
passivation film on the sodium CE.113 When the discharge process begins from 
D1, the reverse occurs and the passivation film resistance progressively 
increases in magnitude. Such an increase in the passivation film resistance 
becomes more apparent around the voltage step region (Figure 6.23c). It is 





discharge cycle progresses, and this resistance subsides on the onset of the 
charge process. This phenomenon repeats as the charge-discharge cycle 
continues. On the other hand, no such observation is attained from the EIS 
measurement of the NVPF WE (Figure 6.24), which further verifies that the 
voltage step observation is solely due to the passivation film formed on the 
sodium metal CE. 
 
When a PC solvent is used in the electrolyte, no voltage step can be seen in the 
galvanostatic charge-discharge cycling profile in Figure 6.25a. In addition, 
there is no considerable difference in the Nyquist plots of the sodium metal 
CE obtained along the charge (Figure 6.25b) and discharge (Figure 6.25c) 
process, indicating that there is no build-up in the resistance of the passivation 
film. A similar observation is acquired on the Nyquist plots for the NVPF WE 
(Figure 6.26). The loop observed in the Nyquist plots of the sodium metal CE 
during charge and discharge (Figure 6.25b and Figure 6.25c) is due to the 
corrosion of metallic sodium during the electrochemical reaction, which will 





Figure 6.25 (a) Three-electrode galvanostatic cycling at 5 C using NaClO4 in EC:PC. The 
points on the cycling plot denotes where the EIS measurement is taken. Resultant Nyquist 







Figure 6.26 Nyquist plots of the V5-NVPF WE electrode in NaClO4 in PC for the (a) charge 
and (b) discharge cycle. 
6.4.8. Cost Analysis for the Production of NaVPO4F 
 
On top of having high energy and power densities, as well as long cycle life, 
one of the crucial requirements of Na-ion battery for stationary energy storage 
systems such as micro-grids and solar energy devices is low cost synthesis and 
production of active material. In this report, it is shown that the V5-NVPF 
sample delivers high discharge capacities at low and high rates, with 
exceptional durable performance. This basically solves the requirement of 
electrode material for a high energy density and long cycle life. To meet the 





based approach. In addition, the sample prepared with the vanadium precursor 
V2O5 outperforms that of the sample prepared using V2O3. This reduces the 
cost of synthesis to a significant extent, as V2O5 is much cheaper than its V2O3 
counterpart. As can be seen in Table 6.5, the cost of V2O5 is more than 10 
times cheaper compared to of V2O3. As a result, the final requirement of 
having a low production cost material is also realised. 
Table 6.5 Synthesis cost per weight of NaVPO4F produced. 
Precursors Amount used Price/quantitya Price/1g production 
V2O3 0.3934 g $345/100 g $1.36 
V2O5 0.4565 g $245/1 kg $0.10 
a Prices obtained from respective chemical suppliers, quoted in United States Dollars. 
 
 
6.5. Chapter Summary 
 
In summary, this study demonstrates a Na-ion battery cathode material which 
exhibits unique properties of enhanced sodium storage performance and long-
term cycling stability. The NaVPO4F cathode is capable of sustaining 2,500 
cycles at 1 C with a high discharge capacity, retaining 82% of its initial 
capacity. Pure nanostructured NaVPO4F is synthesised via a novel one-step 
soft template method, using a cheaper vanadium precursor V2O5 which greatly 
reduces production cost of this compound. This material tested against sodium 
metal is capable of delivering an initial discharge capacity of 133 mAh g−1 at 
0.1 C, with energy density nearly matches to that of its Li-ion battery 
counterparts. The material’s enhanced long-term cycling stability at 1 C is 
elucidated in terms of the negligible changes in the charge transfer resistances. 
In addition, the sodium chemical diffusion coefficient of the NaVPO4F is 
reported here for the first time. Besides that, this material is able to withstand a 
remarkable 10,000 cycles at 10 C, with high capacity retention of 81%. The 
next chapter will look into investigating a material with a high theoretical 
discharge capacity, capable of utilising up to 2 moles of Na+ per formula unit.
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Na2MnSiO4 as a High Capacity 



















7.1. Preface to Chapter 7 
 
In this chapter, a polyanion, silicate-based compound, namely Na2MnSiO4 is 
introduced, with a high theoretical discharge capacity, capable of utilising up 
to 2 moles of Na+ per formula unit. This study involves a systematic 
investigation of the influence of electrolyte additive (with different content) on 
the sodium storage performance of Na2MnSiO4, synthesised via a modified 
two-step method. The electrolyte additive forms a meta-stable protective 
passivation film on the electrode surface, successfully reducing manganese 





Na-ion battery has been recognised as a promising replacement of Li-ion 
battery technologies because of the abundance and wide distribution of sodium 
resources for large scale power-grid applications.6, 7 However, the energy 
density of this technology is expected to be lower than Li-ion batteries because 
of low specific capacities of electrode materials owing to the relatively heavier 
Na+.[26] Due to this fact, compounds which have lower molecular weight or 
those which could exchange more than 1 mol of Na+ per formula unit are 
crucial to achieve high energy density. Besides, materials with an open 
framework are essential for high rate performance due to facile Na+ 
intercalation/de-intercalation. 
 
In this context, significant interests have been devoted to oxide-based sodium 
cathode materials (NaxMO2, where M = transition metal) because of their 
relatively light molecular weight, as well as open structure, with early 
contributions from Delmas et al.53, 54 As a result, these compounds are well-
known to deliver high discharge capacity. Very recently, Liu et al.160 reported 
a new O3-type Na0.78Li0.18Ni0.25Mn0.58O2 which is obtained by the 
electrochemical Na-Li ion exchange process of Li1.167Ni0.25Mn0.583O2. This 
new material shows the highest discharge capacity of 240 mAh g−1 in the 
voltage range 1.5-4.5 V. Prior to that, Yabuuchi et al.161 made the record 
reporting highest obtained reversible capacity of 220 mAh g−1 with new P2-
type Na2/3Mg0.28Mn0.72O2 cycled at a voltage window 1.5-4.4 V. Another 
compound is the P2-type Na2/3Fe1/2Mn1/2O2 proposed by Yabuuchi et al.,162 
which delivers 190 mAh g−1 of reversible capacity in the voltage range of 1.5-
4.2 V, utilising the electrochemically active Fe3+/Fe4+ redox couple. Yet 
another O3-type NaNi0.5Mn0.5O2 is reported in 2012 by Komaba et al.163 
demonstrating a high discharge capacity of 185 mAh g−1 in the voltage range 
2.2-4.5 V. The reversibility is further improved by adding fluoroethylene 
carbonate into the electrolyte solution. More recently, the same group164 
discovered a new lithium-excess P2-type Na5/6Li1/4Mn3/4O2 which delivers a 
high reversible capacity of 190 mAh g−1 when cycled at a voltage window 1.5-
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4.4 V. Yoshida et al.165 synthesised Na0.70Mn0.60Ni0.30Co0.10O2 with a P2-type 
structure using the co-precipitation method. The compound obtained a high 
discharge capacity of 185 mAh g−1 in the voltage window 1.5-4.3 V at 0.05 C, 
with significant capacity fade. When the voltage window is narrowed down to 
1.7-4.0 V, the discharge capacity decreased to 125 mAh g−1 but with a much 
reduced fading. 
 
In the case of polyanion-based systems, only a handful of compounds have 
been reported exceeding reversible capacity of 130 mAh g−1 because of their 
relatively higher molecular weight,166-168 and the failure to utilise more than 1 
mol of Na+ per formula unit.90, 169, 170 Nonetheless, Park et al.91 revealed a 
fluorophosphate-based Na1.5VPO4.8F0.7 cathode capable of delivering a 
discharge capacity of 134 mAh g−1 in the voltage window 2.0-4.5 V, involving 
a 1.2 electron exchange per formula unit (V3.8+ ↔ V5+). Saravanan et al.80 
prepared Na3V2(PO4)3 cathode material which is able to provide 116 mAh g−1 
discharge capacity over the voltage window 2.3-3.9 V involving 1.88 moles of 
Na+. The work discussed in the previous chapter on NaVPO4F revealed a 
durable cathode material with reversible discharge capacity of 133 mAh g−1 in 
the voltage window 2.0-4.2 V, along with impressive high rate cyclability and 
long-term performance. 
 
It is a renowned fact that oxide-based compounds suffer from safety issues, 
resulting from the weak M-O bond which makes them unstable at high 
voltage.171, 172 In this regard, this chapter will discuss the work on a polyanion-
based Na2MnSiO4 framework as an excellent cathode with manganese redox 
couple capable of delivering 2 electrons per formula unit. This compound 
registered the highest discharge capacity reported so far for a polyanion-based 
compound for Na-ion battery. 
 
Na2MnSiO4 crystallises in the monoclinic crystal structure with space group 
Pn. The host structure consists of MnO4 and SiO4 tetrahedra connected via 
corner-sharing pairs along the b-direction, thus forming a 3D layer of MnO4-
SiO4 (Figure 7.1a) with the Na+ occupying the interstitial sites which are also 
tetrahedrally coordinated, as shown in Figure 7.1b. Only corner-sharing can be 
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found between the NaO4 and MnO4 (or SiO4) tetrahedra and all the tetrahedra 
are pointing in the same direction. Moreover, the two sets of NaO4 tetrahedra 
are also linked with one another by corner-sharing, forming a 3D channel for 
Na+ diffusion. There are two distinct NaO4 tetrahedral sites, Na1 and Na2, 
distributed alternately in the host structure (Figure 7.2).  
 
 
Figure 7.1 Crystal structure of Na2MnSiO4 viewed in the ab plane showing (a) MnO4 and 
SiO4 tetrahedra and (b) all tetrahedra pointing in the same direction. The blue and magenta 
tetrahedra represent SiO4 and MnO4, respectively, while the yellow tetrahedral represents the 
sodium site. 
 
Figure 7.2 Crystal structure of Na2MnSiO4 highlighting two crystallographically distinct Na 
sites. The yellow sphere represents Na1 site, and the green sphere represents Na2 site. 
In terms of electrochemical properties, Na2MnSiO4 has a molecular weight of 
193.0 g mol−1, resulting in a theoretical discharge capacity of 278 mAh g−1. 
Such high discharge capacity is achievable owing to its possible redox 
reaction of Mn2+/Mn3+/Mn4+, involving 2 moles of Na+ per formula unit. The 








Na+ diffusion pathway in Na2MnSiO4 is similar to those in the Pn-type 
Li2MnSiO4, with the sodium compound yielding much lower activation energy. 
From ab initio simulations, two Na+ diffusion pathways can be identified; 
along the b-axis (Figure 7.2) and along the c-axis (Figure 7.1a), with the 
former yielding a lower activation barrier.173 Na+ diffusion along the a-axis 
(Figure 7.1b) is unlikely as there is no opened diffusion pathway.173 
 
 
7.3. Material Synthesis 
 
Nanostructured pure Na2MnSiO4 is synthesised via a two-step method. All 
precursors are mixed in stoichiometric ratio unless stated otherwise. Firstly, 
tetraethyl orthosilicate (TEOS) (C8H20O4Si; Alfa Aesar; purity 98%) is added 
to a mixture of ethanol and Milli-Q water in the volume ratio of 2:1. This 
mixture is stirred at room temperature for 1 h. In a separate flask, 1 mili mol of 
citric acid (C6H8O7; Alfa Aesar; 99+%) is added into water and ethanol 
mixture (in the volume ratio 3:2) and stirred until fully dissolved. The addition 
of citric acid provides an acidic medium for phase formation.174 This is then 
followed by the addition of manganese (II) acetate tetrahydrate 
(Mn(CH3COO)2·4H2O; Strem Chemicals; 99+%) and further stirred at room 
temperature for 1 h. These two solutions are then combined and stirred for 
another 24 h at room temperature to ensure homogeneous mixture of the 
precursors. 
 
The ethanol-water solvent is evaporated using a rotary evaporator (Heidolph 
Hei-VAP Precision ML/G3). The obtained white precipitate is ground before 
calcination is done in a tubular furnace (Carbolite Limited, UK) at 700 °C for 
6 h in an argon atmosphere. The resultant black powder is then ground with 
sodium carbonate (with 20% excess) (Na2CO3; Alfa Aesar; 98%) using a high 
energy ball mill (HEBM) (Fritsch Planetary Micro Mill PULVERISETTE 7 
premium line) at 500 rpm for 30 min. This is further followed by the addition 
of 1 mili mol of citric acid as a carbonising agent and ground at 500 rpm for 
10 min. The obtained sample is calcined in a tubular furnace at 750 °C for 8 h 
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in an argon atmosphere. The as-prepared product is then ball milled with 
Super P carbon black (Alfa Aesar, >99%) in the weight ratio of 4:1 using a 
HEBM at 500 rpm for 4 h with sample:balls in 1:40 weight ratio.169, 175 The 
obtained ball milled sample is then post heat treated in a tubular furnace at 
750 °C for 6 h under argon atmosphere to alleviate the strain build-up during 
the high energy ball milling process.176 
 
 
7.4. Results and Discussion 
 
7.4.1. Structural and Morphological Analysis 
 
Single-phase formation of the synthesised samples is depicted in Figure 7.3a 
and Figure 7.3b for Mn2SiO4 and Na2MnSiO4, respectively. Rietveld 
refinement with good reliability factor values as shown in Figure 7.3b, 
indicates that the synthesised Na2MnSiO4 has a monoclinic crystal structure 





Figure 7.3 PXRD pattern of (a) Mn2SiO4 and (b) Na2MnSiO4 with inset showing refined 
crystal structure viewed along b-axis, Na+ yellow sphere, Mn2+ purple tetrahedral, Si4+ green 
tetrahedral, O2− red sphere. 
Table 7.1 Atomic position obtained from Rietveld refinement of the Na2MnSiO4 sample. 
Rexp = 3.46; Rwp = 7.41 and Rp = 5.19; Space group: Pn 
Site Ions x y z Occ 
Mn Mn2+ 0.00788 0.18007 0.00284 1 
Si Si4+ 0.25429 0.68865 0.00029 1 
Na1 Na+ 0.75908 0.66675 -0.0006 1 
Na2 Na+ 0.50643 0.18684 -0.00522 1 
O O2− 0.73012 0.59137 0.42302 1 
O O2− 0.55231 0.17064 0.42646 1 
O O2− 0.93212 0.19842 0.38142 1 






Figure 7.4 FESEM image of the synthesised (a) Mn2SiO4 and (b) Na2MnSiO4. 
 
Figure 7.5 TEM image highlighting the uniform carbon coating on the Na2MnSiO4 particle. 






The obtained lattice parameters [a = 7.01944(45) Å, b = 5.61377(35) Å, c = 
5.33185(33) Å, β = 89.8085(17)°] and atomic positions (Table 7.1) show close 
agreement to the calculated values obtained by GGA ab initio DFT 
optimisations (JCDPS #000-550-638) that is used as the initial structural data 
for the Rietveld refinement.174 The crystal structure (viewed along b-axis) 
generated from the refinement is displayed in the inset to Figure 7.3b. 
 
The FESEM image of the intermediate Mn2SiO4 sample presented in Figure 
7.4a reveals that the particle size falls in the range of 200-500 nm, with very 
uneven morphology. The final product Na2MnSiO4 exhibits smaller particles 
with a pseudo-spherical morphology and their size falls in the range 60-90 nm 
(Figure 7.4b). 
 
From the TEM image in Figure 7.5, it is clear that a thin layer of amorphous 
carbon coating with thickness of around 2-3 nm is present on the Na2MnSiO4 
nanoparticles. This thin layer of carbon coating is essential to ensure good 
electronic conductivity for efficient charge transfer between the particles. In 
addition, diffused rings in the SAED pattern confirm the amorphous nature of 
the carbon coating (inset to Figure 7.5). 
 
The total carbon content for the synthesised sample is determined to be around 
24 wt% (Figure 7.6a). The carbon distribution obtained from EDS elemental 
mapping presented in Figure 7.6b clearly shows a uniform carbon distribution 
throughout the sample. The molar ratio (normalised to the manganese content) 
for the synthesised sample has a stoichiometric ratio of 2:1:1 for Na:Mn:Si, 





Figure 7.6 (a) TGA curve obtained at a heating rate of 5 °C min−1 from room temperature to 
700 °C. (b) SEM image and corresponding elemental mapping of carbon for the Na2MnSiO4 
sample. 
Table 7.2 Elemental (Na, Mn and Si) composition in the Na2MnSiO4 sample. 
Sample Na content Mn content Si content 
Na2MnSiO4 10.0 wt.% 11.9 wt.% 6.2 wt.% 







Figure 7.7 EDS spectrum recorded at an accelerating voltage of 15 kV. Signals of platinum 
are attributed to the thin coating. 
The EDS spectrum of the Na2MnSiO4 sample illustrated in Figure 7.7 shows 
the characteristic peaks of sodium (Kα = 1.04 keV), manganese (Lα = 0.64 keV, 
Kα = 5.89 keV,), silicon (Kα = 1.74 keV), oxygen (Kα = 0.53 keV) and carbon 
(Kα = 0.28 keV). The peaks at 2.05 and 9.44 keV are due to the respective Lα 
and M signals of the platinum coating deposited prior to the EDS experiment. 
 
 
Figure 7.8 Nitrogen physisorption isotherm of the Na2MnSiO4 sample, with inset showing the 




The nitrogen-physisorption characteristic for the Na2MnSiO4 sample is shown 
in Figure 7.8. The plots feature a well-defined hysteresis loop, which is 
attributed to a Type-IV isotherm associated with a mesoporous nature. The 
BET analysis reveals a surface area of 71.1 m2 g−1 for the Na2MnSiO4 sample. 
Furthermore, the BJH method is used to calculate pore size distribution, in 
which the average pore diameter is found to be between 2-6 nm, providing 
sufficient volume for the electrolyte to be absorbed into the mesoporous 
agglomerate (inset to Figure 7.8). 
 
7.4.2. Sodium Storage Performance 
 
The galvanostatic charge-discharge cycling profile obtained at a current rate of 
0.1 C for the Na2MnSiO4 half-cell (using NaPF6 electrolyte in EC:PC volume 
ratio 1:1, with 5 vol.% vinylene carbonate (VC)) with the CCCV mode 
adopted at 4.3 V during charging is presented in Figure 7.9. The 5 vol.% VC 
used here is an optimised content upon variation, which will be discussed later. 
It can be seen that the initial sodium extraction process follows a sloppy 
profile ascending to the upper cut-off voltage of 4.3 V. The discharge profile 
from 4.3 V shows a shallow plateau at ~3.4 V before descending to the lower 
cut-off voltage of 2.0 V, giving rise to a discharge capacity of 155 mAh g−1. It 
is interesting to note that as cycling progresses, a charge plateau begins to 
appear at ~3.9 V resulting in an increase in charge capacity. As a result, the 
discharge capacity increases to 210 mAh g−1 in the 10th cycle corresponding to 
~1.5 moles of Na+ storage per formula unit of Na2MnSiO4 (1 mol contributes 
to a discharge capacity of 139 mAh g−1). 
 
As a control experiment, a Na2MnSiO4 half-cell is fabricated using NaPF6 
electrolyte in EC:PC (volume ratio 1:1) without 5 vol.% VC, and its 
galvanostatic charge-discharge cycling at 0.1 C is illustrated in Figure 7.10. It 
is clearly seen that this control experiment does not exhibit the same trend as 
described earlier with 5 vol.% VC, even after 20 cycles. This result is similar 
to a recent report on the same material but using an ionic liquid electrolyte.177 
Thus, inclusion of 5 vol.% VC plays a vital role in stabilising the electrode-
electrolyte interface during cycling and therefore, the effect of varying the VC 
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Figure 7.9 Galvanostatic charge-discharge profiles cycled at 0.1 C using NaPF6 electrolyte in 
EC:PC v/v 1:1 with 5 vol.% VC. 
 
Figure 7.10 Galvanostatic charge-discharge profiles cycled at 0.1 C using NaPF6 electrolyte 
in EC:PC v/v 1:1. 
The rate performance of the Na2MnSiO4 sample demonstrates high and stable 
discharge capacities at various current rates (Figure 7.11). Even at a faster rate 
of 5 C, the electrode is able to deliver a reversible capacity close to 100 mAh 
g−1. When cycling is reverted to 0.1 C after 5 C, the electrode exhibits 
 160 
 
excellent capacity recovery, regaining 100% of its initial capacity at 0.1 C. 
Figure 7.12 depicts the long term cycling performance at 1 C. The Na2MnSiO4 
electrode is able to withstand >500 cycles with a capacity retention close to 90% 
(calculated from the 12th cycle onwards). More importantly, a high average 
coulombic efficiency of 99.5% is achieved throughout cycling. 
 
 
Figure 7.11 Rate performance of the Na2MnSiO4 sample. 
 





7.4.3. Effect of Electrolyte Additive 
 
As mentioned previously, the inclusion of additive VC in the electrolyte plays 
a vital role in stabilising the electrode-electrolyte interface during cycling. 
Here, the effect of varying the VC content on the electrochemical performance 
will be discussed. All measurements are performed at a fully discharged and 
relaxed state, when the open-circuit potential of the WE vs. the RE reaches 
around 2.50 V. The measurements are performed on a three-electrode setup, 
and the Nyquist plots represent the impedance response of the Na2MnSiO4 
WE. 
 
The Nyquist EIS plots of the Na2MnSiO4 sample with various VC content at 
different charge-discharge cycles are shown in Figure 7.13 and Figure 7.14. 
Generally the Nyquist plots mainly constitute two semicircles at the high and 
middle frequency regions. The high-frequency semicircle is attributed to the 
resistance of the passivation film, whereas the medium-frequency semicircle 
refers to the charge transfer resistance for the electrons and Na+.[113, 118] The 
size of the depressed semicircle gives the magnitude of resistance of each 
process. 
 
When no additive VC is used in the NaPF6 in EC:PC electrolyte, the size of 
the semicircle of the Nyquist EIS plots remain unchanged at different charge-
discharge cycles, as can be seen in Figure 7.13a. When the amount of additive 
VC used is increased to 3 and 7 vol.%, a small but steady decrease in the size 
of the semicircle is observed (Figure 7.13b and Figure 7.14b, respectively). It 
is interesting to note that when 5 vol.% additive VC is added, the size of the 
semicircle of the EIS plots decrease significantly during cycling (Figure 7.14a). 
When more additive VC is added, a detrimental outcome is noted in Figure 
7.14c, where the size of the depressed semicircle increases drastically after 
each cycle. This observation confirms that the additive VC plays a role in 
stabilising the working electrode surface by forming a protective passivation 
film on the electrode before cycling. The resistive passivation film dissolves 
during the course of cycling, demonstrated by a decrease in the size of the 
semicircle in the Nyquist EIS plots. The degree of dissolution depends largely 
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on the amount of additive added. On the other hand, no such observation is 
attained from the EIS measurement of the sodium counter electrode (CE) 
(Figure 7.15) for the 5 vol.% additive VC, which clearly confirms that the 
formation of a passivation film is on the Na2MnSiO4 WE surface. 
 
 
Figure 7.13 Nyquist plots of the electrochemical impedance spectra of the Na2MnSiO4 WE 






Figure 7.14 Nyquist plots of the electrochemical impedance spectra of the Na2MnSiO4 WE 







Figure 7.15 Nyquist plots of the electrochemical impedance spectra of the sodium CE with 5 
vol.% VC at different charge-discharge cycles. 
 
Figure 7.16 Discharge capacity obtained at 0.1 C for various VC content. 
It is also interesting to note that increasing the additive VC amount resulted in 
an improved discharge capacity up to 5 vol.% (Figure 7.16). However, as the 
VC concentration is increased above 5 vol.%, a decrease in discharge capacity 
is observed. In other words, although the inclusion of additive VC increases 
discharge capacity and decreases cell impedance as cycling progresses, shown 
by the above results, adding too much an amount will lead to undesirable 
consequences. Initial cell impedance will be huge and increases during cycling 
and discharge capacity will fall. This phenomenon is very well documented in 
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Li-ion battery.178-181 It is seen that adding VC into a conventional NaPF6 
electrolyte forms a meta-stable passivation interface on Na2MnSiO4, resulting 
in obvious decrease in the cell impedance as a function of cycle number. This 
reveals the influence of this additive on the surface chemistry of the electrode 
is consistent with the earlier report by Aurbach et al.182 
 
7.4.4. Manganese Dissolution 
 
Transition metal dissolution can be suppressed by creating a protective film on 
the electrode surface.183, 184 In order to prevent Mn2+ dissolution, using 
electrolyte additives to generate a protective film on the electrode surface is 
one of the most economical and effective methods to improve the electrode-
electrolyte interface stability.185 To understand how the passivation film 
demonstrates its protective nature on the electrode surface, Mn dissolution test 
is carried out on a pristine electrode using the ICP-OES technique. The 
electrodes (assembled with and without 5 vol.% additive VC) are carefully 
retrieved by dismantling the coin cells after 30 days of aging. This is to ensure 
sufficient time for the stabilisation of the passivation film. The amount of Mn 
dissolution is then obtained by immersing the electrodes in the respective 
electrolytes at room temperature for another 30 days, with electrolyte samples 
taken on a 5-day interval. Figure 7.17 compares the amount of Mn dissolved 
in the respective electrolytes. 
 
From Figure 7.17, it can be seen that the Mn dissolution in the Na2MnSiO4 
electrode assembled using the NaPF6 in EC:PC electrolyte with 5 vol.% VC is 
significantly suppressed as compared to the electrolyte without added VC. 
This trend implies that the formation of a passivation film does play a major 
role in stabilising the electrode-electrolyte interface. As a result of less Mn 
dissolving into the electrolyte over time, performance degradation which is 
primarily manifested as capacity fading and low cycle life will be successfully 
circumvented. This generally explains the good rate performance (Figure 7.11) 
and stable long-term cycling (Figure 7.12) of this electrode. In addition, the 





Figure 7.17 Amount of manganese dissolution obtained after immersing in respective 
electrolytes for 30 days at room temperature. 
 
Figure 7.18 Schematic drawings of the passivation film with (a) 0 vol.% VC, (b) 3 vol.% VC, 
(c) 5 vol.% VC, (d) 7 vol.% VC and (e) 10 vol.% VC. 
Schematic drawings of the passivation film are summarised as shown in 
Figure 7.18. It is believed that the difference in the quantitative passivation 
coating may explain its influence in the impedance response, and ultimately 















used, the passivation film formed does not sufficiently wrap the entire 
electrode surface leading to high Mn dissolution. Conversely, when the 
concentration of additive VC is increased, the passivation film becomes 
thicker, hence explains the increasing size of the semicircle of the pristine 
electrode in Figure 7.13 and Figure 7.14. 
 
7.4.5. Redox Reaction of Mn2+ during Cycling 
 
The observed high discharge capacity of over 200 mAh g−1 is mostly 
associated with the manganese transition to higher oxidation state (Mn4+). In 
order to confirm such a redox reaction of the Mn species, detailed ex-situ XPS 
study is carried out on this compound. The reversible compositional changes 
of Na2MnSiO4 ⇋ Na2−xMnSiO4 (0 ≤ x ≤ 2) is expected during charge and 
discharge cycles, which is supplemented by the oxidation of manganese from 
+2 to +4, and reduction from +4 to +2. From Figure 7.19a, it is found that the 
fresh electrode has binding energy (BE) peaks located at 640.2 and 651.9 eV. 
These peaks correspond to the BE of Mn2+ 2p3/2 and Mn2+ 2p1/2, 
respectively.141, 186-189 There is no Mn3+ or Mn4+ species detected at this stage. 
At a 20% SoC, the deconvolution of the spectra results in two peaks located at 
641.0 and 652.9 eV, which belong to Mn3+ 2p3/2 and Mn3+ 2p1/2, 
respectively.141, 186, 189 Upon the continuation of charge, these Mn3+ peaks are 
seen to increase in intensity at the expense of the Mn2+ peaks until a 60% SoC 
(Figure 7.19b). As charge progresses further, the Mn2+ peaks disappear 
completely, and an onset of Mn4+ peaks are detected at BE of 642.1 and 653.9 
eV corresponding to Mn4+ 2p3/2 and Mn4+ 2p1/2, respectively.141, 186, 190 The 
intensity of these peaks increase until a 100% SoC, where the co-existence of 
both Mn3+ and Mn4+ peaks are perceived. Upon a 100% DoD, all Mn3+ and 
Mn4+ species are fully reduced to Mn2+. From the above observations, the 
insertion-extraction mechanism involves multiple moles of Na+, which is 






Figure 7.19 Ex-situ XPS spectra of Mn2+/ Mn3+/Mn4+ redox couples obtained on electrode at 
(a) fresh, 20%, 40% and 50% SoC and (b) 60%, 80% and 100% SoC and 100% DoD. 
 
7.5. Chapter Summary 
 
In summary, a silicate-based, Na2MnSiO4 compound is proposed as an 
excellent cathode material registering impressive discharge capacity of 210 
mAh g−1, highest amongst those reported so far for polyanion framework. Rate 
performance shows that this material is able to deliver a reversible discharge 
capacity close to 100 mAh g−1 at 5 C. In addition, it exhibits excellent long-
term cycling performance at 1 C, achieving a capacity retention close to 90% 
after >500 cycles. The effect of an electrolyte additive in improving 
electrochemical performance of Na2MnSiO4 is also presented, and it is seen 
that adding VC into a conventional NaPF6 electrolyte forms a meta-stable 
passivation interface on Na2MnSiO4, resulting in obvious decrease in the cell 




protective layer on the electrode surface, resulting in suppressed Mn 
dissolution over time. Finally ex-situ XPS analysis reveals that 
Mn2+/Mn3+/Mn4+ is the active redox couples during charge and discharge 





































8.1. Preface to Chapter 8 
 
The previous chapters have demonstrated that the electrochemical 
performance of a cathode material can be significantly enhanced by employing 
a strategic synthesis method. A cathode with superior long-term cycling 
stability and high rate performance, as well as an extremely high discharge 
capacity are also revealed. Thus, this chapter summarises some key 
accomplishments from this thesis, limitations of this study and 




8.2. Summary of the Thesis 
 
Rechargeable battery is needed to satisfy the energy demand of large-scale 
stationary storage systems, which require huge amounts of natural resources. 
In this regard, Li-ion battery has become the preferred choice, but the recent 
speculation about an upsurge in lithium price in the long term, thus the 
shortage of lithium reserves has attracted researchers’ attention towards Na-
ion battery. This technology is a promising replacement because of the 
abundance and wide distribution of sodium resources. However, the challenge 
still remains, which is to increase the energy density of Na-ion battery to, at 
the very least, match its lithium counterpart. Oxide-based compounds are 
investigated extensively because of their relatively light molecular weight, 
resulting in a high reversible capacity and energy density. Nevertheless, safety 
concerns of the layered oxides have prompted the emergence of polyanion-
based compounds due to improved safety from the strong P-O and Si-O bonds 
which enhances structural stability. However, these compounds are relatively 
heavy, resulting in a comparatively low capacity. The research work outlined 
in this thesis deals with a systematic investigation on the sodium storage 
performance of polyanion-based cathode materials for Na-ion battery. The 
electrochemical properties of these materials are enhanced by carefully 
optimising synthesis strategies, tailoring the redox potential, and to explore 
compounds which involve multiple moles of Na+. 
 
The work described in this thesis has been concerned with the development of 
polyanion-based cathode materials, with the objective of replacing the safety-
prone oxide compounds. A number of interesting features of the proposed 
cathode materials have been described and the observed good electrochemical 
performance is correlated with various influencing factors. These may be 
summarised as follow: 
 
1. The sodium storage performance of Na2FePO4F prepared via a soft 
template method, followed by high-energy ball milling and post heat 
treatment is presented. The pristine sample without the HEBM process 
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demonstrated a relatively low sodium storage performance, whereas 
the HEBM sample delivered an enhanced reversible discharge capacity. 
The HEBM sample exhibited stable long-term cycling performance at 
1 C, with good capacity retention and average coulombic efficiency. 
The HEBM sample is also more superior in terms of rate performance 
as compared to the pristine sample. The possible reasons for the 
enhanced sodium storage performance of the HEBM sample compared 
to the pristine sample is explained in terms of the higher sodium 
diffusion coefficient, along with reduced impedances for the charge 
transfer and Na+ transport across various interfaces. It is also proven 
that the low antisite disorder in the HEBM sample promotes a more 
kinetically facile diffusion property, demonstrating an enhanced 
sodium storage performance compared to the pristine sample. At 
respective current rates, the achieved capacity of the HEBM sample is 
found to be relatively higher compared to the reported literature. Yet, it 
is seen that the performance of this material at high rates does not meet 
the demand for a high energy density Na-ion battery. Another issue 
with this material is that the long-term cycling is relatively poor, which 
offers new research motivations for the next chapter. 
2. In this chapter of the thesis, pure Na2FePO4F is synthesised via a novel 
solvothermal-assisted soft template method. This method is proposed 
as an excellent strategy to prepare nanosize material and to form a 
conductive carbon coating on the particle, creating a Na2FePO4F/C 
nanocomposite. The sample synthesised with glucose as the 
carbonising agent presents better electrochemical properties, in terms 
of both rate performance and long-term cyclability. This is because of 
the high room temperature electronic conductivity exhibited by this 
sample. Besides that, a much lower charge transfer resistance resulted 
in an enhanced sodium chemical diffusion coefficient. It is also 
suggested that the difference in the electrochemical performance 
between the synthesised samples is not influenced by the antisite 
disorder. A reference sample is prepared with the same synthesis route, 
but without any carbonising agent, to appraise and systematically 
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compare its electrochemical performance. Finally, the effect of 
annealing temperature on the electrochemical properties, electronic 
conductivity and sodium chemical diffusion coefficient is investigated. 
With an achieve discharge capacity of 120 mAh g−1, corresponding to 
only 1 mol of Na+ out of possible two moles, the quest for a high 
energy density Na-ion cathode material continues in the next chapter. 
3. The research work in this chapter demonstrates a Na-ion battery 
cathode material which exhibits enhanced sodium storage performance 
and long-term cycling stability with unique properties not reported 
elsewhere for the compound so far. The NaVPO4F is capable of 
sustaining 2,500 cycles at 1 C with a high discharge capacity and 
impressive 82% capacity retention. Pure nanostructured NaVPO4F is 
synthesised via a novel one-step soft template method, using the 
cheaper vanadium precursor which greatly reduces production cost. 
The material’s enhanced long-term cycling stability at 1 C is elucidated 
in terms of the negligible changes in the charge transfer resistance. Ex-
situ XPS suggests that the insertion-extraction mechanism involves 1 
mol of Na+, utilising V3+/V4+ as the active redox couple. In addition, 
the sodium chemical diffusion coefficient of the NaVPO4F is reported 
here. Another sample is also prepared, using a more expensive 
vanadium precursor, and the sodium storage properties are compared. 
Briefly, this sample delivered much lower discharge capacity (124 
mAh g−1 vs. 133 mAh g−1) and relatively poor long-term cyclability at 
1 C (52% capacity retention vs. 82% after 2,500 cycles). 
4. The final part of the thesis reveals a silicate-based compound with 
multiple Na+ activity. The compound is thought as an excellent 
cathode material registering impressive discharge capacity of 210 mAh 
g−1, highest amongst those reported so far for polyanion framework. 
Rate performance shows that this material is able to deliver a high 
reversible discharge capacity of 100 mAh g−1 at high 5 C rate. In 
addition, it exhibits impressive long-term cycling performance at 1 C, 
achieving a capacity retention close to 90% after >500 cycles. The 
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effect of varying additive VC on the electrochemical performance of 
Na2MnSiO4 is presented. Too few or too much VC gives detrimental 
effects on the storage performance, and it is seen that adding 5 vol.% 
VC into conventional NaPF6 electrolyte forms a meta-stable solid-
electrolyte interface on the electrode surface, resulting in obvious 
decrease in the cell impedance during the course of cycling. This 
passivation film forms a protective layer on the electrode surface, 
resulting in less Mn dissolving into the electrolyte over time. Finally 
ex-situ XPS analysis reveals that Mn2+/Mn3+/Mn4+ is the active redox 
couples during charge and discharge cycles, involving the utilisation of 
~1.5 moles of Na+ per formula unit in these processes. 
 
As outlined in the summary above, three polyanion-based compounds, namely 
Na2FePO4F, NaVPO4F and Na2MnSiO4 are investigated as potential cathode 
materials for Na-ion battery. Each compound has its own benefits and 
advantages. Firstly, being an iron-based compound, the Na2FePO4F 
demonstrates positive attributes such as environmentally friendly, low-cost 
and ease of synthesis. However, due to the relatively low operating voltage, 
the Na2FePO4F is not very suitable for applications which require a high 
energy density cathode. Nonetheless, if one needs a compound that is cheap, 
but high voltage is not required, Na2FePO4F will appear to be the better 
candidate. 
 
NaVPO4F is introduced as a potential nominee to solve the low voltage issue 
brought forward by Na2FePO4F. Owing to the high redox potential of 
vanadium, the operating voltage of NaVPO4F is significantly higher, and with 
a relatively high discharge capacity, this compound offers energy density 
similar to some lithium-based cathodes. In addition to the durable properties 
demonstrated in this thesis, this compound is tailored to applications which 
demand a high voltage and long cycle life cathode material. 
 
This thesis also features Na2MnSiO4, which recorded the highest discharge 
capacity among polyanion compounds. As shown in the thesis, this compound 
utilises more than 1 mol of Na+, resulting in an energy density matching its 
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lithium counterparts. Moreover, excellent rate performance and stable long-
term cyclability are few of the positive features exhibited by this compound. 
Besides that, this compound is cheap and safe as it involves the manganese 
transition metal. As a result, if a low-cost compound is required with a very 
high energy density, Na2MnSiO4 would be the preferred option. 
 
 
8.3. Possible Opportunities for Future Work 
 
While this thesis has demonstrated several potential polyanion-based cathode 
materials with high reversible capacity and operating voltage for Na-ion 
battery, the results presented here may further be investigated in a number of 
ways, and many opportunities for extending the scope of this thesis remain. 
This section presents some of these directions. 
 
1. In this thesis, metallic sodium is generally employed as a counter 
electrode to evaluate the electrochemical performance of the 
polyanion cathode. This setup is termed a half-cell. The 
performance in half-cell, where it only involves one sodium 
insertion material, is often different from a full-cell, utilising both 
cathode and anode materials. Moreover, it could be difficult to use 
metallic sodium for rechargeable battery applications because of 
the safety risks involved. Therefore, one potential future direction 
from this thesis is to employ all the investigated cathode materials 
and perform a full-cell electrochemical testing against appropriate 
anode materials. No doubt this will require countless number of 
optimisations and additional analyses; it brings one step closer in 
realising a high energy density full-cell Na-ion battery for 
commercialisation. 
2. It is proven in the thesis that fluorophosphate-based NaVPO4F is a 
potential cathode with a high redox potential. However, crystal 
structure-related studies are rather limited for this compound as 
structural data are not available. Therefore, another possible 
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opportunity for future work is to resolve the structure of NaVPO4F 
crystal using Rietveld refinement of high quality synchrotron XRD 
data. With this, experimental studies such as the antisite disorder 
phenomenon and ex-situ XRD will be possible to further 
understand the sodium storage mechanism of this compound. With 
the obtained structural data, theoretical study in the area of atomic 
simulation is another possible direction, to investigate the possible 
sodium diffusion pathways and corresponding activation barrier. 
3. Polyanion-based compounds will be the leading category of 
cathode materials for Na-ion battery owing to its high structural 
stability compared to oxide-based materials, making the former 
compound safe to operate at high voltage. This type of compound 
is not limited to phosphates, fluorophosphates and silicates. A lot 
of unexplored materials are there waiting to be discovered, which 
will eventually unlock the potential of a true high energy density 
Na-ion battery. Amongst others, sulphates, carbophosphates or 
even fluoride-based compounds with earth-abundant transition 
metals will further enhance the energy density of Na-ion battery in 
the future. 
4. Although the formation of SEI layer on the surface of anode may 
be detrimental on the electrochemical performance of Na-ion 
battery, the development of a passivation film on the surface of 
cathode may prove otherwise. As shown in the thesis, the additive 
VC forms a meta-stable protective layer on the surface of 
Na2MnSiO4 electrode, significantly inhibiting Mn dissolution. This 
layer diminishes in thickness (resistance) upon cycling. This 
unusual observation may originate from the difference in chemistry 
of the passivation process in both cathode and anode. A theoretical 
approach will be beneficial to investigate the interface between 
electrode-electrolyte with an additive at an atomic scale, together 
with the backing of careful experimental studies. A deeper 
understanding on the functions and mechanism of the passivation 
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